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 As the annual incidence of revision total hip replacement (THR) rises so too do 
the technical, biomechanical and socioeconomic challenges it presents. This 
thesis investigated many of the key clinical and pre-clinical aspects of this 
surgery. Improving implant stability was addressed through biomechanical 
analyses and the cost and complications of revision THR were explored. 
 
  The biomechanical investigation compared two designs of tapered, fluted, 
modular, titanium-alloy stems. The Redapt® stem featured a novel flute 
configuration and chamfered tip. It was hypothesised that this would improve 
axial and rotational stability compared to the Modular Restoration® control 
stem. Each stem was implanted into one of 7 matched pairs of human 
cadaveric femora with simulated proximal bony defects.  
  
   A photoelastic coating compared surface strains in the medial femoral cortex 
for the intact and operated femora. Under incremental static loads each 
operated bone showed marked stress-shielding with a statistically significant 
reduction in strain. This effect was diminished with the Redapt® stem because 
of reduced distal endosteal contact (‘fill’) as confirmed by radiographic analysis. 
 
  Primary stability was measured using micromotion transducers and 
radiostereometric analysis. Under cyclical loading both stems were stable by 
agreed standards at x1 body weight. As load increased 85% of the Redapt 
stems remained stable compared to 100% of the Restoration (p=0.055). Overall 
transducer recorded axial subsidence was 0.1 mm for the Redapt and 0.17 mm 
for the Restoration.  Both stems achieved results commensurate with their 
expected successful application in revision cases with extensive bony defects.  
 
  Clinical and financial data was collected from 305 consecutive revision THRs 
between 1999-2008 performed at our institution. Analysis revealed a large 
variation in costs by indication from £10893 (SD £5476) for dislocation to 
£21937 (SD £10965) for septic revisions. A large shortfall in reimbursement was 
found questioning the ability of smaller units to continue providing this service.     
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Chapter 1: Introduction 
1.1 Revision Total Hip Replacement 
 
   Total hip replacement (THR) is a highly successful and cost-effective means 
of addressing pain and disability arising from advanced hip disease.2-5 The main 
goals of THR are pain relief, restoration of function and patient satisfaction.6 
The literature suggests that these aims are achieved in the majority of cases 
especially when compared to the symptomatic population who have not had a 
joint replacement.7-9 Survivorship of primary implants has been well 
documented in national joint registries10-12 with data from these sources 
indicating a revision risk of 5-20% at ten years following primary THR.13 
 
  Rates of revision appear to be strongly influenced by patient age and method 
of fixation. Corbett et al.13 reviewed data for the ten-year revision risk from 
thirteen population-based papers including twelve containing registry data and 
one commenting on regional findings. They found that cemented prostheses 
had a Kaplan-Meier estimate of revision free survival ranging from 88% to 95% 
compared to 80-85% for uncemented prostheses. Regarding patient age, 
estimates ranged from 72% to 86% in patients less than 60 years old and from 
90 to 96% in older patients. Revision risks were thus lower in older recipient 
THR patients and uncemented prostheses had higher revision rates regardless 
of age.  
 
  Between 1991 and 2000 the incidence of revision THR in the UK more than 
doubled.14 The latest report from the National Joint Registry (NJR) for England 
and Wales supports this rise with a total of 10,040 revision procedures 
performed in 2012.15 This was an increase of 1,401 (16%) from the previous 
year and was performed in patients with an average age of 69.8 and standard 
deviation equal to 12.0 years. According to the report, the common indications 
for surgery were: aseptic loosening (40%), pain (23%), dislocation/subluxation 
(13%), lysis (13%), infection (12%), wear of acetabular component (12%), 
adverse soft tissue reaction (13%), periprosthetic fracture (8%) malalignment 
(5%), and fracture of stem/ head/ acetabulum (<4%). 
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  Revision surgery is more complex than primary joint arthroplasty and is 
associated with a poorer prognosis and higher risk of failure.16, 17 The quality of 
proximal bone stock is highly variable and often precludes the use of 
conventional prostheses. Bony deficiency is thought to arise secondary to 
stress shielding, osteolysis, aseptic loosening, infection, peri-prosthetic fracture, 
aging and implant extraction.18, 19 Soft tissue deficiencies encountered in 
revision surgery and the loss of tissue planes also contribute to the higher 
complication rates as well as greater surgical complexity.  
  
  The two principle strategies to overcome these problems are the use of long 
femoral stems that cross these deficiencies and anchor in the femoral 
diaphysis, and/or the use of augments to provide proximal metaphyseal 
support. There are a wide range of options available to the revision surgeon 
including: cemented long stem implants,20, 21 uncemented extensively coated 
cylindrical implants,22, 23 non-modular fluted tapered implants,24, 25 distally fixed 
(cylindrical or tapered) modular implants,26, 27 allograft-prosthetic composites,28, 
29 proximal femoral arthroplasties,30, 31 and impaction grafting.32, 33  
 
  Although each of these options has been used with varying success, there is 
increased interest in distally fixing, tapered, modular implants. There is a large 
body of evidence to suggest optimal results with the use of these stems which 
aim to provide a rotationally stable press-fit fixation in the femoral diaphysis.34-38 
It is the optimisation in design of this type of femoral stem that is the main focus 
of this thesis. 
 
1.2 Failure of implants 
 
  The reasons for failure of a total hip replacement can broadly be categorised 
into patient, surgical and implant factors. Patient selection and the optimisation 
of any modifiable risk factors are vital to ensure implant longevity. This includes 
the patient’s overall medical fitness for surgery and post-operative rehabilitation 
as well as their suitability as an implant recipient. Methods to improve and 
maintain bone quality through pharmacological and non-pharmacological 
means should be explored as well as cessation of detrimental activities e.g. 
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smoking.39  Physical activity should be encouraged to maintain a low body mass 
index (BMI) and there is currently no evidence to suggest a link between high 
activity levels and implant failure.40 Expeditious use of antibiotics to reduce 
haematogenous spread of infection is important but the routine use of antibiotic 
prophylaxis such as for dental procedures remain controversial.41   
 
  The surgeon’s experience and ability is known to be closely correlated with 
successful outcome in THR surgery. There is a large body of evidence relating 
improved joint replacement outcomes to hospitals and surgeons who perform 
increased caseload volume.42-44 The higher numbers of surgeries allow for 
improved patient selection, better informed implant selection as well as greater 
familiarity with implantation systems. With regards implant selection it is vital 
that the implant choice is appropriate for the patient’s anatomy. For example, 
selection of a metaphyseal-loading prosthesis in the presence of significant 
proximal bony deficiency is likely to result in inadequate primary stability and 
therefore early failure.  The use of pre-operative templating (see later) and 
surgeons’ experience can minimise these errors and thus limit the early failure. 
  
1.3 Economic considerations   
 
  In 2000 the total cost associated with revision surgery carried out within the 
NHS exceeded £60 million.14 In the United States over 50,000 revision THRs 
are performed each year with an estimated direct cost exceeding $1 billion.45 
Furthermore, the number of revision cases is projected to rise as a result of an 
estimated 179% increase in demand for primary THR by 2030.46 A large 
contributory factor is the increasing number of young patients undergoing 
arthroplasty surgery. It has been estimated that an excess of 50% of all primary 
THR is performed in patients less than 65 years old.47  
 
  There has been a resultant increase in literature on the subject of health 
economics in total hip replacement (THR). One study showed from 1993 to 
2002 there were 70 economic evaluations of THR published in the English 
literature compared to only 10 in the preceding decade.48 Several studies have 
shown that the hospital costs of revision THR is greater than that of primary 
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THR.16, 49-53 These are costly operations because of the increased length of 
stay, higher investigation and therapy costs and the use of more expensive 
implants. It is also clear that revision hip replacements are less profitable for 
hospitals.16, 49-55 This is an important consideration as it may compromise 
certain units from continuing to meet the rising demand for this specialist 
service.    
 
1.4 Design and fixation of revision hip stems 
 
  The options available to achieve distal fixation and stability include cylindrical, 
conical, curved, straight, fluted and collared geometric designs. Despite the 
bone stock inadequacies often encountered in revision surgery these implants 
must achieve sufficient primary stability to ensure long-term success. 
 
1.4.1 Cementless fixation of revision arthroplasty 
 
  Cementless femoral fixation in revision hip arthroplasty appears to be superior 
to when cement is used. Early reports of cemented femoral revision indicated 
failure rates of 15% to 61% at up to 8-year follow-up.56-60 The high re-revision 
rates were thought to be caused by a poor bone-cement interface formed by a 
smooth, sclerotic endosteal femoral surface.75, 80-83 As a result of these findings, 
surgeons and researchers began to favour implants which were extensively 
coated to obtain stability and ingrowth distally, thus providing a more reliable 
fixation.61 The rate of re-revision after THR without cement is believed to be 
superior and ranges from 2-7% at 3 to 6 years postoperatively.34, 62-64  
 
1.4.2 Modular vs. non-modular systems 
 
    Modular femoral stems can be used as a means restoring patient anatomy 
and addressing the issues of femoral offset, leg length discrepancy and stability 
independent of distal stem fixation.65 Poor proximal bone stock means that the 
success of the implant depends to a large extent on solid initial distal fixation. 
Modular systems allow for this to be dealt with independently of the other 
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aforementioned aspects of the revision procedure. As a result many studies 
have shown low dislocation rates which range from 3-10%.65    
 
  Cylindrical, non-modular stems have been used in North America for many 
years for cementless femoral component revision.24, 38, 62 Although long-term 
survivorship has been well established (95-96% survivorship at a mean of 10-14 
years),24, 38 there have been concerns raised regarding this stem design. Issues 
included postoperative thigh pain (8-30%),34, 62 a high incidence of intra-
operative fractures (9%-30%),38, 66 and stress shielding of the proximal femur 
(reportedly 8%).62   
 
  A more recent paper by Jayakumar et al.25 reviewed a series of 56 revision 
procedures involving the Echelon prosthesis (Smith & Nephew, Memphis, TN) 
which is a cementless, extensively porous-coated non-modular femoral stem. 
With a mean follow-up of 6 years, all implants demonstrated bony ingrowth and 
stable fixation. Good to excellent clinical outcomes were shown using three 
separate outcome measures. Regarding complications with the use of the non-
modular prosthesis, the paper reported two intra-operative fractures, three 
dislocations and one patient with thigh pain.    
 
   The Modular Restoration (Stryker, Mahwah, NJ) system was used as the 
control stem in this thesis and has been assessed in the literature to measure 
functional and radiographic outcomes.  A study by Restrepo et al.65 
prospectively assessed 118 patients with a mean follow-up of 2 years. Their 
study found distal bone ingrowth obtained in 100% of patients, offset was 
corrected in 66%, leg length discrepancy corrected in 78%, and stability 
achieved in 97%. By the time of latest follow-up they also found that functional 
evaluations had improved (Short Form-16, Western Ontario and McMaster 
Universities Arthritis Index - WOMAC, Lower Extremity Actitivity Scale, Harris 
hip score). They thus concluded that this was a useful system for revising failed 
femoral components.   
 
  There are few papers in the literature directly comparing modular with non-
modular revision femoral stems. One such paper is by Richards et al. who 
questioned the recent trend of favoring a tapered, fluted, modular titanium stem 
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(TFMT) over cylindrical, non-modular cobalt chrome (CNCC) components for 
THR revision.67 They retrospectively reviewed all patients under-going revision 
THR between January 2000 and March 2006 for quality of life, complications, 
and quality of femoral bone stock. In their study, 105 patients received the 
CNCC component and 95 the TFMT component. They found that the TFMT 
cohort had worse pre-operative bone defects with 65% Paprosky IIIB and IV68 
(see later), higher outcome scores (WOMAC pain / stiffness, Oxford-12, and 
Satisfaction), fewer intra-operative fractures, and better restoration of the 
proximal femur bone loss. The paper concluded that the TFMT stem provided 
improved clinical outcomes in relation to quality of life, decreased complications, 
and preservation of bone stock, than the CNCC stem. 
 
  A recent paper by Dou et al.69 performed a retrospective review of 79 
consecutive patients comparing the modular MP stem with the monoblock 
Wagner femoral stem. Their work focused on leg length discrepancy (LLD) and 
found that placement of the femoral component was the most critical factor in 
adjusting for pre-operative LLD and that modular stems made correction easier.  
 
  The subject of dislocation rates was used to compare monoblock with modular 
systems.70 A study by Regis et al. compared dislocation rates 2 years post 
revision surgery using the monoblock Wagner SL stem (Sulzer Orthopedics 
Ltd., Winterthur, Switzerland) implanted in 68 hips and the modular Profemur R 
(Wright Medical Technology, Arlington, TN) implanted in 103 hips. They 
reported no statistically significant difference in dislocation rate between the two 
groups, 9.1% and 6.8% respectively.  
 
1.4.3 Wear and corrosion in modular tapers 
 
   During the time-period in which this study was carried out there has emerged 
a large body of evidence expressing concerns over the taper junctions of 
modular prostheses. The work presented here was interested in stem design 
modifications to enhance stability and so did not explicitly explore these issues. 
However, these concerns are particularly pertinent to the design of the Redapt 
prosthesis which features a dual taper with a head-neck as well as neck-stem 
junction. Modular neck hip systems have subsequently been found to have an 
 23 
unacceptably high failure rate which has lead to the recall of the ABG2 and 
Rejuvenate modular neck systems in July 2012.71 Based on these recent 
findings there would be extreme concern about the modular neck-stem junction 
used on the Redapt system.  
 
 There are many forms of proximal femoral modularity to include: head-neck 
junctions, neck-stem junctions, proximal shoulder, anterior / posterior pads, 
modular collars and at stem-sleeve junctions.72 The Redapt featured taper 
junctions at the head-neck and neck-stem in contrast to the Restoration with 
junctions at the head-neck and body-stem. These junctions are now thought to 
be liable to wear and corrosion leading to premature failure of implants. The 
principle mechanism of failure is due to the release of metal ions resulting in the 
formation of pseudotumours, aseptic lymphocytic vasculitis-associated lesions 
(ALVAL) and metallosis.73 
 
  Widespread concern regarding adverse tissue reactions to metal debris, after 
metal-on-metal (M-o-M) arthroplasty, lead to the investigation of taper junctions 
as a source of metal ions.  Recent evidence has shown three-fold higher metal 
ion levels when the same M-o-M bearing is used with a trunnion and femoral 
stem as compared to its use for a resurfacing arthroplasty.74 The presence of 
the head-trunnion junction is thought to account for this difference through the 
process of mechanically assisted crevice corrosion.75, 76 Furthermore, Bolland et 
al.77 also reported premature failure in 17 hips from high material loss at the 
head-trunnion junction secondary to high frictional torque in large head M-o-M 
THR.   
 
1.4.3.1 Investigation of failure at taper junctions 
 
  The investigation of failed modular junctions includes haematological, 
radiographic and specialist corrosion testing. Blood metal ion levels are a useful 
marker in the presence of a symptomatic implant and their serial measurement 
both pre- and post-operatively is particularly helpful. The inflammatory markers 
erythrocyte sedimentation rate and C-reactive protein are also well described. 
Plain-film radiographs can indicate osteolytic reactions such as medial calcar 
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erosion78 and magnetic resonance imaging using metal artefact reduction 
sequence (MARS) protocol has a role in identifying local soft tissue reactions.73 
 
  The techniques allowing for the specific examination of taper junctions have 
been described in retrieval studies79, 80 as well as for in-vitro simulations.81 
These include macroscopic inspection, light / scanning miscroscopy and 
electrochemical (static and dynamic) corrosion testing. It is this final modality 
which has been the most revealing in establishing which are the most important 
design features contributing to taper corrosion. The study by Panagiotidou et 
al.81 detailed three separate methods of electrochemical corrosion testing: open 
circuit potential testing, potentiostatic testing, and cyclic dynamic polarization 
tests (pitting scans). Using these methods they concluded that enhanced 
fretting corrosion was seen at the modular taper junction for shorter (‘mini’) 
tapers with a roughened surface finish.  
 
1.4.4 Conical vs. cylindrical geometry 
 
  Many studies have shown the advantage of conical-shaped stems by their 
achieving primary rotational stability through having a continuous cortical press-
fit within the diaphyseal part of the femur.82-84 In contrast, cylindrical revision 
stems rely on metaphyseal and cancellous support for stability.85, 86 These 
findings would imply that cylindrical stems are contraindicated in cases of large 
proximal bone defects, however, several clinical studies have shown successful 
outcomes when used in these cases. 87-90   
 
  A recent study compared the primary rotational stability of cylindrical and 
conical revision hip systems.91 The study assessed two cylindrical systems (S-
ROM and Helios) and two conical stem shapes (Wagner-SL and MRP) with 
simulated AAOS type I and III proximal femoral defects. This study found that 
the relative movements of the prostheses were significantly influenced by the 
extent of bone loss and that major differences were observed in fixation 
behaviour. The main fixation area of conical stems was within the distal isthmus 
in contrast to cylindrical stems which were dependent on proximal bone stock. 
Consequently, the paper found that cylindrical stems were advantageous for 
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minor defects as they provided proximal fixation. In areas of extensive bone 
loss, the conical implants showed lesser relative movements.    
 
1.4.5 Fluted tapered stems 
 
  The presence of a taper is intended to provide axial stability under load. The 
principle works on successfully reaming a matched tightly fitting conical shape 
into the remaining healthy femoral diaphysis. To achieve this the surgeon may 
well have to ream a canal of diameter 2-3mm greater than the point at which 
cortical contact is first felt.92 A minimum diaphyseal cortical contact length of 
2cm is required to attain axial stability with a tapered stem, however 4-8cm is 
considered optimal.92  
 
  The taper angle is of considerable importance, for a three-degree taper stem 
each millimetre of reaming provides 19mm of additional longitudinal bony 
contact with the taper (Figure 1.1).92 Furthermore, in the context of a two-
degree taper, each millimetre of reaming provides an additional 29mm 
longitudinal contact. However, the smaller the taper angle, the closer to parallel 
the surfaces of the stem and bone become. Eventually the geometry of the 
stem approaches that of a cylinder in a tube whereby subsidence can only be 
resisted by frictional forces and not by the geometric attributes of the taper.92 
 
Figure 1.1 Illustration of the effect of taper angle on endocortical contact 
area92 
 
  The addition of flutes (‘splines’) to tapered stems has been shown to improve 
rotational stability and has been popular in Europe since the 1980’s.  The 
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Wagner revision system (Zimmer GmbH, Winterthur, Switzerland) was 
introduced in 1986 and was first described in the German literature in the late 
1980’s / early 1990’s.93-95 It was initially a cementless monoblock system with a 
tapered conical stem and eight longitudinal flutes designed to cut into the 
surrounding cortical bone for rotational primary stability. The surface of the stem 
was grit-blasted with an osteoconductive titanium composition. There is a large 
body of evidence to support the efficacy of this design 96, 97 and several authors 
have reported survival rates of greater than 92% at 10 yrs.98-101  
 
1.4.6 Limitations of modular fluted tapered stems 
 
  The main concern with these designs is that the already poor proximal bone-
stock could be further compromised by distal fixation which results in diminished 
proximal load transfer resulting in further bone resorption. Furthermore, 
cementless stems are often of a sizeable diameter to fill the femoral canal and 
since stiffness is proportional to the fourth power of its diameter, femoral stress 
shielding is more prevalent for larger stems. Moreover, a comparative study 
was performed to assess the biomechanical differences in modular and non-
modular stems. It was a non-clinical study involving finite element analysis and 
reported that the modular implant was 3 to 4.5 times stiffer conferring less strain 
to the surrounding femur with potential implications for clinical failure.102  
   
  A recent paper by Patel et al.17 reviewed the clinical and radiographic 
outcomes from forty-three distally fixed modular stems implanted between 1999 
and 2006. They had a minimum of 2 years follow up and assessed the T3 
Modular (n=22) and Modular Restoration (n=21) systems. They found that 
eleven stems subsided with four of these requiring re-revision at a rate of 9.3%. 
They found that a subsidence greater than 1cm was likely to require re-revision. 
The paper commented that all of the stems were radiographically undersized 
which accounted for the high rate of subsidence seen. It concluded that there 
was a learning curve with the use of these prostheses to avoid or minimize this 
complication.   
 
  To optimise the stability of fluted tapered modular stems the distal femur 
needs to be reamed to a supportive tapered cone. The stem then needs to be 
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seated fully with maximal endosteal bony contact to avoid 3-point fixation. If 
such fixation occurs bone contact is diminished and implant stability is 
compromised.103   
 
  To minimise this risk, an extended trochanteric osteotomy (ETO) can be used 
which involves resection of the proximal lateral femoral cortex which is then 
reattached post-implantation. This allows more aggressive use of straight fluted 
tapered reamers to shape the diaphysis. When an ETO is not performed there 
is a tendency to undersize the implant because the reamer or implant meets 
with 3-point fixation in the bowed femur.103 Additionally, care must be taken by 
the surgeon to avoid perforating the anterior femoral cortex with the straight 
reamers on account of the bow in the femur.  
 
  A further operative concern was raised in a paper by Klauser et al.104 This 
paper commented on the development of hoop stresses with diaphyseal fixation 
and the attendant risk of intra-operative shaft fractures. This has been 
documented elsewhere 105, 106 and the use of prophylactic cerclage cabling has 
been suggested as a possible means of avoiding this complication.107    
  
  A final concern with the modular tapered titanium stems was highlighted by 
Richards et al. who commented on the incidence of fracture at the modular 
junction.67 They found four implant fractures in the TFMT cohort compared with 
two in their CNCC cohort. They further explained that each of these occurred at 
the modular junction of a design which was no longer in use and that 
improvements in design have since been made to eliminate such stem fractures 
from occurring. A comprehensive review of femoral neck modularity was 
recently published by Krishnan et al.72 which addressed the complications of 
mechanical failure, cold welding and corrosion at the modular interface. 
 
1.5 Implant stability  
1.5.1 Definitions of implant stability 
 
  A proven method for gauging implant success and longevity is through the 
measurement of its stability. The stability of an implant refers to the motion of a 
 28 
stem in relation to the surrounding bone. It is best assessed in terms of 
migration and micromotion. Migration is defined as the permanent change in 
position of a component relative to its host bond after a loading event or 
passage of time.108 Migration is able to occur because of bone resorption which 
can be either of the local trabeculae or else generalised lysis of fibrous tissue.  
 
  In contrast to migration, micromotion is defined as the recoverable position of 
a component relative to its host bone, after a loading episode. This induces 
stresses and strains in the bone which can leave it at greater risk of fracture. 
The other important effect of micromotion is to inhibit osseointegration on the 
surface of uncemented implants leaving them liable to failure, as explained 
later. The concepts of migration and micromotion are illustrated in Figure 1.2109 




Figure 1.2 Illustration of migration and micromotion in the primary 







Migration: non-recoverable movement of implant embedding itself into the host 
tissue as a consequence of loading. 
 
Micromotion: recoverable relative movement between implant and bone 
associated with elasticity of construct. 110  
 
Primary Stability – the amount of relative micromovement between bone and 
implant induced by physiological joint loading before any biological process 
takes place e.g. immediate post-operative period. 
 
Secondary Stability – micromotion under load observed once the biological 
adaptation process is completed. 111  
 
1.5.2 Biomechanical models  
 
  In-vitro models have been used extensively for the biomechanical investigation 
of implants. These methods are often an over-simplification of the in-vivo 
loading conditions as they very often neglect the role of muscle attachments 
and joint reaction forces. Much work has been done by Bergmann et al. to 
examine the forces on the native and replaced joint during gait and stair-
climbing.112, 113 This work was then extended using computer modelling to group 
functionally similar muscles to develop a workable in vitro model.114 These 
models unfortunately remain extremely difficult to reproduce consistently and so 
have been omitted from the study design described here. They also do not 
feature in the recognised International Standard (ISO 7206-4)115 for hip implant 
testing. 
 
  The importance of muscle attachments should not be understated however. In 
their detailed work on the subject Ling et al.116 made several pertinent 
observations. Extrapolating traditional teaching one might expect the medial 
femoral cortex, which is subject to compression, to be much thicker than the 
lateral side which is in tension. However, on account of muscular activity in the 
iliotibial tract a lateral tension band is created and femoral loading is modified. 
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The effect of the activity of gluteus maximum and tensor fascia lata reduces 
bending as well as the associated lateral tensile forces exerted on the femur. 
The net result is that the medial and lateral cortices frequently varying little in 
thickness down the length of the diaphysis.  
 
  It is also the compressive stress exerted by muscular activity which partially 
explains the reconstitution of proximal bone stock in the previously deficient 
arthroplasty patient. This work emphasises the need to include the ilio-tibial 
band, the vasto-gluteal sling created by gluteus medius and vastus lateralis, as 
well as an abductor strap from gluteus medius and minimus to achieve a more 
accurate model for femoral loading.   
 
1.5.3 Evidence for threshold values for migration and micromotion 
 
  It has been shown in multiple studies that early migration of an implant is 
predictive of late aseptic failure.117-124 There is, however, no clear consensus as 
to the exact value for this movement. Previous work by Freeman et al. in 1994 
identified that a migration of 1.2 mm/year during the first two years post-
implantation was predictive of hips likely to require revision (specificity of 86%, 
sensitivity 78%).117 Similarly, Walker et al.124 found a failure rate of 95% for 
stems which had subsided by more than 2.6mm two years post implantation.  
 
  Using radiostereometric analysis (see later), Karrholm identified a 50% failure 
risk if the implant had subsided by more than 1.2 mm within the first two 
years.118 The same paper found that this risk increased to 95% if a threshold of 
2.4 mm was exceeded. Krismer et al.121 used EBRA-FCA (Einzel-Bild-
Roentgen-Analyse, Femoral Component Analysis)125 as a method for 
determining implant migration. The authors identified a threshold value of 1.5 
mm after two years as predictive for an implant requiring revision for aseptic 
loosening (sensitivity 69%, specificity 80%). 
   
  Regarding micromotion, it has been shown that the relative micromovements 
between stem and surrounding bone must not exceed 100-150 micrometers to 
ensure bony ingrowth needed for secondary fixation.126, 127 Micromotion greater 
than this is likely to result in separation of the stem from the surrounding bone, 
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fibrous tissue formation at the bone-stem interface with impairment of the 
osseointegration process. The evidence further suggests that to achieve 
complete bone ingrowth around the implant, less than 30-40 micrometers of 
micromovement is required.128 Clinically, excessive micromotion will manifest as 
pain often with associated osteolysis of the surrounding femoral bone.  
 
1.5.4 Methods of assessing implant stability 
 
  Many different methods for measuring implant stability have been described in 
the literature, including: radiographic assessment,65, 129 radiostereometric 
analysis (RSA),130, 131 finite element analysis (FEA),102, 132 Einzel-Bild-Roentgen-
Analyse-femoral component analysis (EBRA-FCA),133-135 and micromotion 
transducers.136, 137 This study employed RSA and micromotion transducers to 
record and analyse motion in two revision hip stems. A brief description of each 
of these methods now follows. 
 
1.5.4.1 Radiographic assessment  
 
 
  The use of radiographs for implant assessment is the method most commonly 
used in clinical practice because of the ready availability of plain films and lack 
of specialist equipment required. This approach provides useful information on 
a wide range of factors including: stem subsidence, acetabular cup wear, 
restoration of leg length / femoral offset, bone quality, presence of fracture / 
dislocation, and osteolysis.  It can also be used to determine if an adequate 
press-fit has been achieved with the appearance of contact of the stem with 
both endosteal cortices at the level of the isthmus.138 This has important 
implications for implant stability and the likelihood of osseointegration occurring.  
 
  Several methods have been suggested to measure implant subsidence using 
plain film radiographs. These generally involve comparison of successive 
radiographs over time referencing off a fixed landmark. The method described 
by Callaghan et al.139 measured the vertical distance from the tip of the greater 
trochanter to the shoulder-stem junction of the modular prosthesis. They 
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considered a vertical displacement of 5 mm or greater to be considered 
indicative of subsidence.139 Where the greater trochanter cannot be used as a 
fixed bony landmark referencing off the lesser trochanter has been described.65, 
140 For example, measuring the distance from the top of the modular body of a 
prosthesis to the most proximal portion of the lesser trochanter.65 If this is not 
possible then any alternative fixed point e.g. cerclage cable may alternatively be 
used.141 
   
    In 1979 Gruen at el.142 described a method of dividing the anteroposterior 
radiograph into 7 zones to observe loosening around a cemented prosthesis 
over time. These zones are illustrated in Figure 1.3. Engh et al.138 also 
described a method of assessing bone remodelling by systematically dividing 
the femur into four levels. At each of these levels bone was assessed in the 
medial, lateral, anterior and posterior sites for thickening or thinning and for 
radiographic lightening or darkening of the bone adjacent to the prosthesis.138 
Such radiographic methods for assessing implant fixation and stability have 
been well described and validated in cylindrical porous-coated cobalt-chromium 
cementless stems129, 143 and also in tapered, fluted, titanium stems.82, 141, 144, 145 
 
Figure 1.3 Seven zones as described by Gruen et al.142 for assessment of 
prosthetic loosening 
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1.5.4.2 Radiostereometric analysis 
 
  In 1974 Göran Selvik developed ‘Roentgen stereophotogrammetry’, a method 
for accurately measuring the three dimensional migration of prostheses.146, 147 
This technique initially involved placing small radio-opaque markers on the 
prosthesis and in the surrounding bone to measure relative movement. Two 
synchronised x-ray foci are taken to obtain a stereo image of the bone and the 
prosthesis. These foci pass through a calibration plate containing reference 
markers at accurately known positions. RSA software can then plot the exact 
three-dimensional position of each marker, in the bone and stem, and therefore 
determine relative movement of the implant and bone with successive images 
taken. 
 
  The technique has a reported accuracy ranging from 0.05 to 0.5mm for 
translations and 0.15o to 1.15o for rotations (95% confidence interval).148 Its use 
is particularly widespread in the Netherlands and Scandinavian countries where 
RSA data is advocated for the release of new implants on to the market.131 
Although experience with this technique is more limited in the UK, research has 
been published by teams from Oxford,130, 149, 150 Aberdeen,151, 152 
Wrightington,153, 154 and London.155, 156  
 
  It has been used for a diverse range of studies including: implant stability,157 
polyethylene wear,158 kinematics,159 spinal fusion,160 and fracture healing.161 Its 
potential application in the biomechanics of soft tissues is also being explored 
with publications of its use in rotator cuff repairs 155, 162 and anterior cruciate 
ligament reconstruction.163, 164 Concerning its use in implant migration, 
‘markerless’ methods have been described which avoid the need for marking 
the prosthesis or, in some cases, even marking the surrounding bone.165-167  
 
1.5.4.3 FEA, EBRA-FCA and LVDT 
 
  Finite element analysis (FEA) has been well documented and validated for the 
assessment of implant stability.102, 132, 168 In its simplest form, FEA is a computer 
modelling simulation whereby the subject of interest is mapped into a mesh. It 
generally involves formation of computer-aided design models of the implant 
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and femur from computed tomography scans which are then subject to 
simulated loads. 
 
   Einzel Bild Roentgen Analyse - femoral component analysis (EBRA-FCA) has 
been validated for the measurement of femoral component subsidence.125 It 
involves the marking of reference points and lines on a digital radiograph which 
then uses computer software for migration analysis. It principally differs from 
RSA in that it does not require physical markers in either the bone or stem. The 
accuracy of this method has been shown to be +/- 1.5mm (95% percentile). It is 
considered not as reliable as RSA nor is it as accurate over longer term follow 
up.125, 135, 169    
 
  Linear variable displacement transducers (LVDT) are passive induction-type 
transducers as they require an external source of power to operate.  The 
function of an LVDT is to produce an electrical output signal which is precisely 
proportional to the mechanical displacement of a sensing probe. They consist of 
one primary and two secondary coils which are symmetrically arranged to form 
a hollow cylinder. A magnetic nickel-iron core, supported by a nonmagnetic 
push rod, moves axially within the cylinder in exact accordance with the 
mechanical displacement of the probe tip. These are Hall effect transducers.  
 
  The principle shortcoming of LVDTs is that they cannot be used in-vivo and 
are therefore limited to cadaveric models. Their use has been described in 
several studies for the accurate measurement of micromotion 136, 137, 170 and are 
explained in greater detail in Chapter 3. 
 
1.6 Strain measurement 
   
  Accurate measurement of the strain distribution in the proximal femur has 
important implications in determining the likelihood of clinical success. As stem 
stiffness increases the stress and strain in the proximal femur diminishes 
causing bone remodeling in an attempt to return strain levels to normal. The net 
effect of this is bone resorption which if it occurs at the bone-stem interface may 
cause loosening of the prosthesis.171 Disruption of the pattern of physiological 
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strain in this manner is termed ‘stress shielding’.172 This is a result of the 
difference in the physical stiffness of the stem in relation to the surrounding 
bone.   
 
  Although it is not possible to measure these forces directly, measurement of 
surface strains offers an indirect method of determining the internal forces in 
bone. There are a number of different ways of calculating such deformation and 
these include: finite element analysis,173-175 photoelastic coating,176, 177 and 
strain gauge analysis.178, 179   This latter method is the most common way of 
measuring strain.  
 
  Strain gauge rosettes work as passive transducers that interpret variation in 
electrical resistance that result from the amount of strain on a wire. They have 
the benefit of being easy to install and can provide precise results under a wide 
variety of operating conditions. Their main shortcoming is in only providing data 
at discrete points with no impression of strain in areas where they have not 
been mounted. They are therefore of limited use over larger areas and where it 
would be useful to observe strain patterns develop and propagate in relation to 
one another. In contrast, the application of a photoelastic coating enables 
calculation of strain as well as providing a visual representation of strain 
patterns over large areas of interest.  
 
1.6.1 Photoelastic coating 
 
 The principle of photoelasticity relates to the change in optic properties of the 
coating under stress. Reflection photoelasticity occurs since the coating 
material behaves isotropically when unstressed but becomes optically 
anisotropic when stressed.  This change in the index of refraction is a function 
of the resulting strain and gives rise to a sequential colour change which is seen 
in the coating.180   
 
  The method involves the polymerisation of a strain-sensitive coating which is 
then bonded to the test subject using a reflective cement. Polarised light is 
shone from a reflection polariscope (Vishay Precision Group, Photolastic 
Division, Wendell, NC, USA) to illuminate the coating which gives rise to a 
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colour pattern of strain when viewed through the polariscope. Strain is 
calculated at any given point via an optical transducer called a ‘compensator’ 
which is attached to the reflection polariscope.  
 
  The strain in the bone is ascertained using the null-balance compensation 
method. This works by introducing into the light path of the polariscope a 
calibrated variable birefringence of opposite sign to that induced in the 
photoelastic coating by the strain field.180 When the opposite-sign birefringence 
matches the magnitude of the strain-induced birefringence, cancellation occurs, 
and the net birefringence in the light path is zero. This condition is seen as a 
black fringe where previously a coloured fringe existed. In short, by introducing 
an equal and opposite birefringence from the compensator the previously 
colourful area becomes black. The compensator value is noted and converted 
into a strain value as illustrated later in Chapter 2. 
 
  Provided that the photoelastic coating is appropriately bonded to the test part 
any strains within the bone are accurately transmitted to the coating. These 
strains produce proportional optical effects which appear as isochromatic 
fringes when viewed with the reflection polariscope. The fringe pattern appears 
as a series of successive and contiguous coloured bands (isochromatics) with 
each band representing a different degree of birefringence corresponding to the 
underlying strain. These bands are contiguous and do not cross one another. 
As loads are applied fringes first appear at the most highly stressed points. As 
the load is then increased and new fringes appear, the earlier fringes are 
pushed toward the areas of lower stress. With further loading, additional fringes 
are generated in the highly stressed regions and move toward regions of zero 
or low stress until the maximum load is reached. 
 
  There are a wide selection of PhotoStress® coatings (Vishay Precision Group, 
Photoelastic division, NJ) and adhesive materials available which need to be 
matched according to the demands of the investigation. The aim is to use a 
material which will provide the greatest accuracy, reliability and reproducibility 




  For this study several factors were considered in this decision: the most 
important of these was the selection of a plastic material with a birefringent 
sensitivity to match bone. Additionally, the curved surface of the test subject 
required the choice of a liquid plastic over a solid flat sheet. The selected 
material would have to withstand sub-zero temperatures when bonded to the 
cadaveric bones as the specimens were stored in a freezer. Finally, the coating 
would need to remain viable for a period of weeks between testing and its 
properties not affected over time. 
 
1.7 Femoral bone deficiency - Paprosky classification 
 
  As detailed previously, proximal femoral bony deficiencies occur for a large 
variety of reasons and to a variable extent in revision THR. This study aimed to 
replicate these conditions to allow a robust and accurate assessment of the 
biomechanical properties of revision implants. There are several classification 
systems for the assessment of femoral bony defects using plain film 
radiographs. The most commonly used system is the Paprosky Classification 
which consists of types I-IV.68  
 
   A type I defect is one where there is minimal loss of metaphyseal cancellous 
bone with an intact diaphysis. A type II defect is characterised by extensive loss 
of metaphyseal bone with a completely intact diaphysis. Type III defects are 
sub-divided into A and B. In a type IIIA defect the metaphysis is severely 
damaged with a minimum of 4 cm of intact cortical bone present in the femoral 
isthmus for scratch-fit. A type IIIB defect differs in that less than 4cm of intact 
cortical bone is present distal to the isthmus. In a Type IV defect there is 
extensive metadiaphyseal damage in conjunction with a widened femoral canal 




Figure 1.4 Paprosky Classification of femoral bone loss68 
 
1.8 The study prostheses 
 
  This research was concerned with the comparison of two distally-fixing, 
modular, titanium-alloy, tapered, fluted stems. They both contained a grit-
blasted surface texture and were implanted uncemented. They shared the same 
underlying principle of aiming to achieve primary stability through distal fixation 
in the femoral diaphysis. This enables their potential use in many revision 
situations particularly in the context of severe proximal bone deficiency 
(Paprosky type II - IV).68 The Redapt system (Smith & Nephew, Memphis, TN) 
featured a chamfered distal tip and novel flute configuration aimed at improving 
rotational stability. In this thesis it was compared to the ‘control’ stem of the 
Type I 
Type IIIB 
Type II Type IIIA 
Type IV 
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Restoration Modular system (Stryker, Mahwah, NJ) which has a large body of 
evidence to support its efficacy.17, 65 182 
 
1.8.1 Redapt revision system – ‘investigation’ stem 
 
  The three-piece Redapt implant (Figure 1.5) consists of a stem, sleeve and 
modular neck. The stem is manufactured from titanium alloy (Ti-6Al-4V) and is 
straight, tapered and fluted. The modular sleeves are designed to provide 
secondary proximal support to the distal fixation and enhance implant stability. 
The titanium conical sleeves on the system are porous-coated and then further 
coated in hydroxyapatite (HA). The modular necks are available in five options: 
standard offset, high offset, high offset + 10mm, anteverted left and anteverted 
right. The neck is made of cobalt chrome with a 12/14 taper for use with 
compatible cobalt chrome and Oxinium heads. The circulotrapezoidal neck is 
designed for increased range of motion.  
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Figure 1.5 Redapt revision stem (‘investigation’). HA = hydroxyapatite. 
 
1.8.2 Restoration revision system – ‘control’ stem 
 
  The Restoration Modular system consists of a two-part proximal body portion 
and distally fluted stem section. The titanium alloy (Ti-6Al-4V ELI) cone body is 
circumferentially plasma sprayed with titanium and then over-sprayed with 
hydroxyapatite and is designed to maintain rotational and axial stability when 
adjacent to viable bone. The conical distal portion is a titanium stem with a 
heavily grit-blasted fluted conical distal segment. It is designed to provide 
Modular Neck 
•  Cobalt-chrome 
•  12/14 taper 
•  Circulotrapezoidal neck 
•  Variable height, version, off-set  
 
Sleeve (not shown) 
•  Titanium 
•  HA on Stiktite™ porous coating 
•  Small, medium, large 
•  50mm length 
 
Stem 
•  Tapered, fluted titanium 
•  Diameters: 11, 13-21incl., 23, 25mm  
•  Lengths: 240, 300mm 
(centre of +0 head to distal stem tip) 
 
 
Chamfered stem tip  
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immediate diaphyseal rotational and axial stability.38, 183 The size of stem and 
cone body options available are shown in Figure 1.6. 
 
 







•  Titanium alloy 
•  Plasma sprayed with titanium 
and over-sprayed with HA 
•  4 heights: 70mm (STD), 80, 
90, 100mm 
•  7 diameters: 19-31mm (2mm 
increments) 
•  4 off-sets: +0mm (STD), 
+10mm, +20mm, and +30mm  
 
Stem 
•  Titanium alloy 
•  Grit-blasted 
•  3 lengths (155mm, 195mm, 
and 235mm  
•  15 diameters:14-28mm  (1mm 
increments) 
•  Bowed or straight 
 42 
1.8.3 Differences in design of study prostheses 
 
  Despite both being tapered, fluted, straight, modular, titanium-alloy stems 
there were several key differences between the two systems (Figure 1.7). It was 
these variations and the effect that they might have on the biomechanical 
properties of strain and stability that formed the focus of this thesis. The 
following is a list of the key design differences for the two stems with more 
detailed explanations following: 
 
• Modularity / location of taper-junctions  
• Stem taper angle 
• Distal stem design (chamfer) 
• Flute configuration 
• Length of assembled stem  
 
 The Redapt system was a three-part system to include the stem, sleeve and 
neck whereas the Restoration consisted of a two-part body and stem only. 
However, as this study was interested in distal fixation in the presence of 
proximal bone loss the sleeve of the Redapt system was omitted from testing to 
avoid the additional support it provided.  
 
  Both systems were implanted according to the same principle with distal 
reaming to obtain distal fixation followed by proximal reaming. Although trialing 
allowed adjustment of the length, version and off-set of the proximal portion it 
was in fact the Restoration stem which afforded greater modularity with its 
separate proximal body portion. The ‘investigation’ stem in this sense was less 
adaptable since the stem was a single monobloc component with its modularity 
obtained using a stem-neck junction. Potentially more significant than this is the 
issue of the dual-taper from the modular neck on the Redapt system. This was 
discussed in greater detail earlier with note made of the withdrawal from the 
market of this design.71 





Figure 1.7 Image of contrasting features of the revision stems under 
investigation. The stem on the left hand side of each image is the 
Restoration (Stryker) stem and has a traditional Wagner design of a 
conical stem with eight longitudinal splines. The Redapt stem (Smith & 
Nephew) on the right shows the novel array of flutes and chamfered distal 
tip. 
  
  The Redapt stem features a single 3-degree taper whereas the Restoration 
stem has two distinct tapers. The flutes (major diameter) are at 2 degrees and 
the stem shaft (minor diameter) are at 3 degrees on the Restoration system. It 
was anticipated that this would have implications for length of endosteal contact 
and therefore on overall stem stability. This was examined in Chapter 3 where 
the primary stability of the two designs was compared in a human cadaveric 
model under cyclical loads.  
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  Furthermore, the distal tip of the Redapt stem featured an anterior-posterior 
chamfer. This was intended to allow a safer and more reliable insertion of the 
straight stem (Figure 1.8). The design rationale was that the chamfer would 
slide along the anterior endocortical surface, in a similar manner to the 
introduction of a bowed stem, and provide a safer placement with lower fracture 
risk.184 The presence of a chamfered tip would also be expected to reduce distal 
contact between the stem and inner cortex of the medullary canal. This 
difference in cross-sectional stem geometry and distal contact could affect the 
magnitude of stress-shielding. This was examined in Chapter 2 where a surface 
strain analysis was performed using a photoelastic coating. A radiographic 
method for measuring and comparing the endosteal contact (‘fill’) of the two 




Figure 1.8  Illustration of cross-sectional geometry of chamfered tip of 
Redapt prosthesis.184 Lowermost image shows a comparative view of the 
straight stem with a matched diameter bowed stem.  
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  The principle difference between the Redapt stem and the more typical 
Wagner-design of the Restoration control stem was the novel flute 
configuration. The new pattern of flutes was named ‘Rocktite’ and differed in 
that it consisted of a multi-level fluted geometry to include major and minor 
splines. The major splines were considered the principle contributory factor to 
axial and rotation stability and increased in height and width progressing from 
distal to proximal. The minor splines also provided added stability and similarly 
increased in height and width from distal to proximal forming wedges with the 
bone for improved subsidence control.184 
 
  For the Redapt stem, measuring at the point of largest cross-sectional 
diameter where the size of stem was determined, the depth of the major splines 
varied from 1 to 2.8 mm for stems size 12 – 27 mm diameter. The minor splines 
at this level varied from 0.5 - 2.3 mm for the same range in stem sizes with the 
deeper flutes present on the larger stems. In contrast, measuring at the level at 
which stem diameter was determined on the Restoration stem the flutes were at 
a constant depth of 3 mm regardless of variation in stem size.  However, the 
distal flute depth was 4 mm for each stem due to the difference in taper angle 
for the stem and flutes.  
 
When assembled the two systems differed in overall length of 300mm (Redapt) 
versus 265mm (Restoration). The longer options of stem were chosen to 
replicate the revision situation in contrast to primary THR stems which are 






Figure 1.9 Comparison of flute configuration between the two systems 
with novel Redapt arrangement highlighted (adapted from Design 
Rationale document).184 Both major and minor flutes increased in height 
and width from distal to proximal. The major flutes were considered to 
provide the principle axial and rotational stability and made up the three 
degree taper profile. They increased in width by 50% from distal to 
proximal. The minor flutes provided additional stability through their 
wedge-shaped cross section proximally. 
 
1.9 Aims and Objectives 
 
  The work presented herein addresses several aspects of revision hip surgery. 
In Chapters 2 and 3 the strain and stability of two contrasting revision hip stems 
was compared. The Modular Restoration® has a proven clinical record of 
efficacy in revision surgery and acted as the control. The design features of the 
new Redapt® stem to include its novel flute configuration and chamfered tip 







  The hypotheses were that the novel design would have improved 
stability and reduced stress-shielding in the proximal femur of a cadaveric 
model with simulated proximal bone deficiency. The objectives were to 
perform a human cadaveric study using a photoelastic coating method to 
compare strain. A further radiographic technique to determine endosteal fill of 
the stem was used to support the strain analysis. Thereafter, primary stability of 
the stem was measured using micromotion transducers and radiostereometric 
analysis under cyclical loading. 
 
  The economic aspects of revision THR were investigated in Chapter 4 where it 
was hypothesised that this surgery carried a significant financial burden 
and that reimbursement paid to hospital Trusts was inadequate. The main 
objectives were to perform a clinical cost analysis of performing this surgery in a 
large cohort of patients to determine the cost by indication and identify any 
shortfall in hospital reimbursement.   
 















Chapter 2: A photoelastic strain analysis and 




  In the intact femur, force is transferred from the hip joint via a complex but 
consistent network of bony trabeculae.  This system is optimally arranged to 
transmit the load through the proximal metaphysis towards the calcar. The 
calcar is located on the medial aspect of the proximal femur and has a 
thickened cortex to accommodate the large forces transmitted to it via the 
compression trabeculae.  
 
 
Figure 2.1 Illustration of trabecular network in proximal femur. (A) 
Corresponds to the principle compressive group of trabeculae, (B) the 
secondary compressive group, (C) the thickened medial cortex forming 






  In the presence of a hip prosthesis this complex metaphyseal architecture 
becomes disrupted and the pattern of physiological strain is altered.172 The 
stiffness of the stem is considered to be the greatest determinant in this process 
and arises due to the differences in cross-sectional geometry and material 
properties of the stem and surrounding bone.185, 186 As stem stiffness increases 
the stress and strain in the proximal femur diminish causing bone remodeling in 
an attempt to return strain levels to normal. The net effect of this is bone 
resorption which if it occurs at the bone-stem interface may cause loosening of 
the prosthesis.171 This process is termed ‘stress shielding’. 
 
  There is evidence to suggest that the relationship between implant stiffness 
and stress shielding is more complex than first thought. Formerly it was 
considered that larger stiffer implants transmitted a greater proportion of load 
producing a greater stress shielding effect, however this is not always the 
case.172, 187 Conversely, more compliant and flexible stems have been trialed to 
overcome these problems but were found to increase surface shear strains and 
generate surface micromovements incompatible with osseointegration.188-191  
 
  A potential solution, which produced promising experimental and clinical data, 
was to utillise the geometrical conformity between the stem surface and the 
endocortical femoral canal.192-195 This has been exploited in the manufacture of 
custom-made implants, which have shown improved load transfer and better 
mechanical stability.194, 196  
 
  The revision situation complicates matters further by having diminished bone-
stock in which to achieve endocortical contact. This bone loss is thought to 
occur because stress shielding, osteolysis, aseptic loosening, infection, peri-
prosthetic fracture, aging and implant extraction.18, 19 These bony deficiencies 
compromise implant survival contributing to the inferior longevity when 
compared to primary total hip replacements (THR).16, 17, 197 Reconstitution or 
partial restoration of these defects around failed implants is important to 
minimise the risk of recurrent failures and facilitate further revision surgery.198 
Strategies to achieve this have included impaction grafting,199-201 and distally 
fixing tapered titanium-alloy stems.65, 67, 82, 202 It is this latter option which is of 
particular interest in this thesis.  
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  A dichotomy exists with their use in that to improve proximal bone mass load 
needs to be transmitted proximally. However in the presence of significant bony 
deficits this is scarcely possible. Thus to ensure stability a longer stem must be 
used to bypass this area and gain a hold in the region distal to the failing 
implant where the bone remains intact. The effect of this is to lower the proximal 
load transfer, adding to stress shielding with yet more proximal bone loss. This 
establishes a conflict between proximal load transfer and implant stability where 
ultimately fixation and stability hold the highest priority.198  
 
    Accurate measurement of the strain distribution in the proximal femur 
therefore has important implications in determining the likelihood of clinical 
success. Although it is not possible to measure these forces directly, 
measurement of surface strains offers an indirect method of determining the 
internal forces in bone. There are a number of different ways of calculating such 
deformation and these include: finite element analysis,173-175 photoelastic 
coating,176, 177 holographic interferometry,203, 204 and strain gauge analysis.178, 179    
   
  This latter method is the most common way of measuring strain. Strain gauges 
work as passive transducers that interpret variation in electrical resistance that 
result from the amount strain on a wire. They have the benefit of being easy to 
install and can provide precise results under a wide variety of operating 
conditions. However, unless strain gauge rosettes are used their application 
depends on the direction of strain. They require a dry surface to operate, and 
similarly to the photoelastic technique explained later, the use of cement often 
reinforces them and adds to inaccuracy. 
 
  However, their main shortcoming is in only providing data at discrete points 
with no impression of strain in areas where they have not been mounted. They 
are therefore of limited use over larger areas and where it would be useful to 
observe strain patterns develop and propagate in relation to one another. In 
contrast, the application of a photoelastic coating enables calculation of strain 
as well as providing a visual representation of strain patterns.  
 
  This chapter aimed to examine the proximal strain distribution in an intact 
human cadaveric femur compared with strain measured following insertion of 
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two distinct designs of revision hip prostheses using a PL-8 photoelastic coating 
(Vishay Precision Group, Wendell, NC, USA). The cadaveric femora were over-
reamed and residual metaphyseal bone removed to replicate extensive 
proximal femoral bony deficiency of Paprosky type II/III.68 Both designs featured 
a 3o tapered, modular, titanium fluted stem. The control stem was the cone 
body / straight conical stem of the Restoration system (Stryker Orthopaedics, 
Mahwah, NJ, USA) and the investigation stem was the novel Redapt system 
(Smith & Nephew, Memphis, TN, USA). The stems differed in the arrangement 
of longitudinal splines and the presence of a bevelled tip in the Redapt system 
as detailed in Chapter 1. 
 
    It was hypothesised that the two designs would have a stress shielding effect 
when compared to strain levels in the intact human femur. It was also 
postulated that in the presence of simulated proximal bone loss the distally 
fixing design of the long revision stems would exhibit a higher focus of strain 
distal to that observed in the intact specimens. It was expected that the 
chamfered tip of the Redapt stem would result in reduced distal endocortical 
contact and therefore less stress shielding in this region. The null hypothesis 
being tested was that there was no difference in strain values for an intact bone 
or when a femoral revision stem was implanted. 
 
  A radiographic assessment of endocortical contact (‘fill’) was calculated using 
AxioVision software version 4.5 (Carl Zeiss Micro Imaging GmbH, Jena, 
Germany). The aim was to determine the proportion of contact by the stem in 
the femoral canal and relate this to the strain values obtained. It was 
hypothesised that the stem with the greatest endocortical contact would result in 
a larger amount of stress shielding along its length. 
 
2.2 Materials and methods 
2.2.1 Cadaveric Femora 
 
  Human cadaveric femora were used for the main part of this study as their 
biomechanical properties most closely reflect that of living bone. Additionally, 
pilot data was obtained using two left sided fourth generation composite bones 
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(Sawbones, Malmo, Sweden). These are manufactured to have similar 
mechanical properties to human bone and have been validated in the 
literature.205, 206 Ten matched pairs of cadaveric femora were sourced with 
sufficient bone mineral density to reflect the expected revision patient 
population by WHO classification (Appendix A).207 Exclusion criteria included a 
history of previous fragility fracture, bony metastasis, bone mineral disorders, 
arthritis, previous hip surgery, deformity or trauma. 
 
  From the detailed descriptions provided for each donor, 7 pairs met with 
sufficient accuracy for inclusion (Anatomy Gifts Registry, Hanover, MD). The 
donors had a mean age (range) of 69.9 years (63-75), mean body mass index 
(range) of 29.9 kg/m2 (18-40), four were females and three were male. The 
cause of death was chronic obstructive pulmonary disease in three cases and 
intracerebral haemorrhage, renal failure, anoxic brain injury, and ‘natural 
causes’ for each one of the remaining four.  
 
  Demographic data was provided with each specimen to include age, sex, race, 
height, weight, and body mass index (weight/height2). Comprehensive 
information regarding cause of death, past medical history, current medications 
and time to donation was also provided. Negative serologies for HIV, hepatitis B 
& C and syphilis were confirmed from each donor. Full information obtained 
from each of the donors can be found in Appendix A.  
 
 The tissues were delivered on dry ice. They were thawed overnight at room 
temperature during which time residual soft tissue was removed using a 
periosteal elevator, scalpel, forceps and other surgical instruments. Dual 
emission x-ray absorpitometry (DEXA) scans were performed using Hologic® 
scanners  (Bedford, MA, USA) at our institution’s Metabolic Bone Unit (Royal 
National Orthopaedic Hospital, Stanmore, UK) (Figure 2.2). Bone mineral 
density (BMD) recordings were made at the femoral neck, greater trochanter 
and inter-trochanteric regions. The total T-score and Z-score was then 
calculated and World Health Organisation classification determined. Once 






Figure 2.2 Example of dual emission x-ray absorptiometry results 
obtained. This report was for the left femur of donor FL 615 and was found 




  Osteoporosis is diagnosed when the bone mineral density is less than or equal 
to 2.5 standard deviations (SD) below that of a young (30 – 40 year old) healthy 
adult population (T-score). Osteopenia is diagnosed when the T-score lies 
between less than 1 SD and greater than -2.5 SD below the healthy population. 
A normal BMD is one which is greater than or equal to 1 SD below the healthy 
population. The Z-score is a comparison with an age-matched group rather than 
the peak bone mass of the T-score. The results of these are summarised in 
Table 2.1 and the full DEXA scan reports are available in Appendix A. 
 
 
Table 2.1 Demographic and bone mineral density data for cadaveric bones 
used in investigation. T-score is matched to the healthy adult population 
and Z-score to the age-matched population.  
 
Donor 











NY 326 L M 72 24 -1.0 -0.3 Normal 
NY 326 R M 72 24 -1.0 -0.2 Normal 
AZ 721 L F 74 40 -0.3 1.5 Normal 
AZ 721 R F 74 40 -0.3 1.5 Normal 
VA 262 L F 63 37 -2.0 -0.8 Osteopenia 
VA 262 R F 63 37 -2.2 -1.0 Osteopenia 
TN 253 L F 75 18 -1.4 -0.3 Osteopenia 
TN 253 R F 75 18 -1.7 -0.6 Osteopenia 
MI 709 L F 64 31 -2.0 -0.8 Osteopenia 
MI 709 R F 64 31 -1.6 -0.3 Osteopenia 
FL 914 L M 73 26 -0.7 0.1 Normal 
FL 914 R M 73 26 -0.6 0.2 Normal 
FL 615 L M 66 33 -1.1 -0.5 Osteopenia 















2.2.2 Pre-operative Templating 
 
 Pre-operative templating is commonly used in orthopaedic surgical planning to 
determine the appropriate size of implants required, restoration of leg length 
and correction of deformity.208  The technique initially involved comparison of 
hardcopy plain film radiographs with acetate templates but has now evolved to 
a digital platform.209 Many systems exist each with an extensive library of 
prostheses making it a useful adjunct in planning both elective and emergency 
surgery. In its simplest form, digital antero-posterior and lateral view plain-film 
radiographs of the affected hip are calibrated using the software and then sized 
with the implant of interest.  
 
  Many of these digital methods have shown good validity and inter-observer 
reliability when used in hip and knee arthroplasty.210 Although digital templating 
has not yet shown a definitive improvement in efficacy it does have several 
advantages over its traditional counterpart.211 Accessed via a web-based 
browser it is possible to login in clinic or the operating room without the need of 
having to transport the physical templates. A wide database of implant designs 
are provided and this is regularly updated as new prostheses are introduced.  
 
  There are several limitations to their use however. The literature has not yet 
proven a definite advantage of digital templating accuracy over traditional 
acetate methods.212, 213 There exists both inter- and intra-observer variation, 
and accuracy has been shown to vary according to experience.214 Their output 
can only ever be viewed as an approximation and a selection of implant sizes 
should still be available intra-operatively to account for errors in estimation. 
Finally, subscription to these services can be costly and may not be available to 
all institutions.      
 
2.2.2.1 TraumaCad® Digital Templating 
 
  Digital calibrated plain film antero-posterior and lateral radiographs were 
performed in the radiology department of the Royal National Orthopaedic 
Hospital, Stanmore. These were taken of each bone and saved on to the 
Patient Archiving and Communication System (PACS). These images were 
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then uploaded to TraumaCad® digital templating software (Brainlab, Voyant 
Health, Feldkirchen, Germany). Once each pair of images was saved a 
calibration process to determine the size of the femur was undertaken 
referencing off the calibration marker in the radiograph.  
 
  Once calibrated, the folder containing the particular prosthesis components 
was selected and opened. Firstly, the choice of long stem length was made and 
the digital outline of the femoral stem was displayed. This could be made wider 
or narrower according to the range of diameters available in the system. An 
approximation of where the femoral neck osteotomy would be made was 
considered before the template was dragged into position on the radiograph. 
The angle of the implant was then modified on the lateral radiograph view and 
the diameter up- or down-sized accordingly. When satisfactory the stem choice 
was saved and sleeve option selected.  
 
  Although the proximal sleeve of the Redapt system was templated it was not in 
fact used so as to reduce proximal support. The sleeve when clicked, appeared 
at the top of the stem below the body of the prosthesis and its position did not 
have to be changed. Selecting different sizes would see the sleeve enlarge to 
fill the metaphyseal space, however the smallest size was ultimately selected. 
Finally, the variability of neck offset could then be adjusted to match the 
estimation of the centre of rotation of the femoral head. 
 
  A judgement was needed to determine which templates fit most accurately. 
Implant sizes were recorded using the two different systems and results saved 
and exported as a report. An example of such a report is given in Figure 2.3 and 




Figure 2.3 Example of template report generated from TraumaCad®. Note 
calibration ball present on radiographs, templates visible on 





Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
FL11120914 MDF  LEFT 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:36:48 Auto-­Hip Left
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties




Attachment  Point  :  4
Comments  :  Sleeve:7135-­4043/Neck:7135-­2111
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:
Original  image Image  After  Pre-­Planning
Signature: ____________________________
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  Templating the Redapt investigation stem involved sizing the stem length and 
diameter, sleeve size, and neck angle (variable offset and version). For 
standardisation purposes the following assumptions were made: 
 
(i) Longest stem was used in all cases (300mm vs 240mm) 
(ii) Smallest diameter proximal sleeve size was used to avoid metaphyseal 
support 
(iii) Standard offset neck in all cases as no gross anatomical deformity 
observed in specimens 
 
  In templating the specimens it was important to restore the natural anatomy as 
much as possible. This meant matching the version of the femoral neck as well 
as the femoral offset. These anatomical features are illustrated in Figure 2.4 
below. As no specimen had gross anatomical pathology it was sufficient to use 
a standard offset neck and neutral head. Replication of normal anatomy was 
vital to ensure a fair test between the unoperated and implanted specimens. 
The aim was to match the position of the prosthetic femoral head to that of the 
native anatomical head to replicate load transmission as accurately as possible. 












Figure 2.4 Illustration of the femoral offset and neck-shaft angle.215 
Femoral offset is the distance from the center of rotation of the femoral 
head to a line bisecting the long axis of the femur (A). The femoral neck 
angle is the angle between the long axis of the femoral shaft and the neck 
(B). Femoral version is defined as the angular difference between axis of 
the femoral neck and the transcondylar axis of the knee.  
 
  The results of this process are seen in Table 2.2 which also illustrates the 
actual sizes of stem implanted in the final column. Details of the implantation 
process are provided later in the chapter (2.2.3). These results confirm 
reasonable accuracy of the templating process with the actual stem diameters 
generally within 1mm (1 size) of those estimated. In one instance (MI 709) there 
was a 2mm discrepancy. These discrepancies existed due to my inexperience 
with the software, inaccuracies of the calibration process and because the 
templates can only ever be considered as a guide to sizing.  
 
  As mentioned, two medium size Sawbones were used for a pilot study to 
confirm that the photoelastic coating was able to produce strain results and was 
of appropriate thickness to produce colour fringes in the testing range. The 
Sawbones were not x-rayed as accuracy of results was not so important in the 
pilot and instead they were sized according to the closest matching cadaveric 
bone.  
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Table 2.2 Templated and actual implants sizes used for Redapt revision 
















AZ 721 R 300 13 Small Neutral 13 
FL 914 L 300 17 Small Neutral 16 
FL 615 L 300 16 Small Neutral 16 
MI 709 R 300 15 Small Neutral 13 
NY 326 L 300 14 Small Neutral 15 
TN 253 R 300 15 Small Neutral 16 
VA 262 L 300 14 Small Neutral 15 
 
  The process was repeated for the Restoration system also using the 
TraumaCad® software (Table 2.3). Similar to previous, a standardised 
approach to implant selection was undertaken. This system incorporated five 
separate proximal body designs (calcar, broached, cone body, milled, M13) and 
three separate stem designs (fluted, plasma sprayed, conical). Furthermore, 
many of these stem options were available in both straight and bowed 
configuration. An implant choice was made based on how best to manage the 
revision situation simulated in this work of Paprosky type II/III femoral defects68 
and in line with both the manufacturer’s guidance and the Redapt design being 
compared. The cone body and straight conical stem were chosen as they are 
the most commonly used in an equivalent revision situation.17, 65 Similarly 
certain standardisation factors were incorporated: 
 
(i) Longest stem size available was used (195mm vs. 155mm) 
(ii) Smallest cone body diameter available used (19 vs. 31mm) to avoid 
proximal metaphyseal support 
(iii) Standard cone body height (70mm) used as no abnormal anatomy 





Table 2.3 Templated and actual implant sizes used for Restoration 



















AZ 721 L 195 13 70 (STD) 19 14 
FL 914 R 195 16 70 (STD) 19 16 
FL 615 R 195 16 70 (STD) 19 16 
MI 709 L 195 13 70 (STD) 19 14 
NY 326 R 195 15 70 (STD) 19 15 
TN 253 L 195 16 70 (STD) 19 16 
VA 262 R 195 15 70 (STD) 19 15 
 
  It is evident that accuracy was improved with 5 out of the 7 bones being 
correctly matched to the definitive stem size used. The two errors only occurred 
because the templating system allowed for a size 13mm stem to be templated 
when in practice the smallest diameter available was 14mm. The improved 
accuracy could reflect the accuracy of the templates themselves but might also 
reflect improved familiarity with the use of the software. It is also important to 
add that the stem diameters which were ultimately used were the same for the 
two systems to ensure comparable experimental conditions.  The only 
difference was for the two 13mm diameter Redapt stems (AZ 721, MI 709) 
which were replaced by size 14mm stems in the Restoration system. 
 
2.2.3 Stem Implantation 
 
  Professor Fares Haddad, Consultant Orthopaedic Surgeon, who is familiar 
with both systems, performed the implantation. The Redapt stem was implanted 
first and the Restoration stems implanted at a later date. Each specimen was 
allowed to thaw overnight and universal precautions were maintained 
throughout implantation.   
 
    Both systems were implanted in a similar fashion. A straight distal reamer 
was used until cortical chatter was felt at which point it was left in-situ. Proximal 
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reaming was performed over the top of the retained reamer and in this way 
modularity was built-up from distal to proximal. For the purposes of consistency 
and adherence to typical revision practice a 12 cm extended trochanteric 
osteotomy was used. This allowed a straight tapered cone to be reamed into 
the distal femur into which the stem could be fully seated. As detailed previously 
this is thought to achieve maximal endocortical contact and limit the risk of 3-
point fixation. 
 
   To accurately mimic the revision situation a 12cm extended trochanteric 
osteotomy (ETO) was marked on each specimen. This approach affords 
improved access to the proximal femur and has been described in the literature 
by McGrory et al.216 This involved resecting the proximal 12cm of lateral cortex 
of the femur in a cranio-caudal direction with a band saw. A further femoral neck 
osteotomy just proximal to the level of the lesser trochanter completed the cuts 




Figure 2.5 Anterior view of left femur showing markings for extended 
trochanteric and femoral neck osteotomies. (A) Corresponds to femoral 







  Both systems utilised the principle of establishing distal fixation and then 
building the construct up proximally. A small starter reamer was first used which 
was made larger until cortical ‘chatter’ heard. The reamer was then left in-situ to 
act as a ‘trial stem’ over which the proximal femur was over-reamed to simulate 
proximal bone loss (Figure 2.6). The proximal trial body was then constructed to 
ensure that the stem had been introduced to the correct depth. In both systems 
this corresponded to the tip of the proximal body aligning with the apex of the 
greater trochanter (Figure 2.7). This ensured that the optimal position of 

















Figure 2.7 Anterior view of Redapt prosthesis illustrating ideal 
implantation position. Note the tip of the shoulder of the prosthesis was 
level with the tip of the greater trochanter. 
 
  Once the correct stem diameter and depth was satisfactory the definitive stem 
was impacted into place. In the case of the Redapt system it was decided that 
the proximal sleeve would not be used and instead a standard offset neck 
(12/14 taper) with a 32mm (+0) cobalt chrome head was added to complete the 
construct. The Restoration system involved screw fixation of the smallest size 
proximal cone body to the stem with allowance for the correct femoral neck 
anteversion. This portion included the neck as a single component and so 
differed from the Redapt system in that regard.  
 
  The final step involved reattachment of the trochanteric osteotomy. Although 
this study was concerned with distal diaphyseal fixation the proximal portion had 
to be reattached since it was needed for the stability tests performed later 
(Chapter 3). For these experiments, a micromotion transducer was attached to 




Figure 2.8 Final construct post implantation of Redapt revision stem. Note 
presence of axial migration mounting (A), cerclage wire passed through 
drill hole in lateral cortex (B). A second cerclage wire was placed distally 
for further stability of osteotomised portion.  
 
  Over-reaming proximally ensured greatly diminished metaphyseal bone stock, 
however to minimise the potential stability of reattaching the ETO two additional 
steps were undertaken. Firstly, any residual cancellous bone present in the 
osteotomised portion was carefully and completely removed with a curette 
(Figure 2.9). Secondly this section was reattached with fine cerclage wire until it 
was held firmly but not under significant compression. To prevent slippage of 
the wire a hole was drilled in the ETO just proximal to the level of the lesser 
trochanter approximately 5mm medial to the lateral cortex (Figure 2.8). This 
wire was looped around the distal aspect of the lesser trochanter and tightened 
as described above. A second wire was placed more distal approximately 





Figure 2.9 Remaining metaphyseal bone resected illustrating extensive 
bony deficit with negligible proximal support 
 
2.2.4 Photoelastic coating 
 
  The photoelastic (PE) method involved polymerisation of a strain-sensitive 
coating (PL-8) (Vishay Precision Group, Wendell, NC, USA) which was then 
bonded to the medial femoral cortex using a reflective cement (PC-1). Polarised 
light was shone from a model 030 series reflection polariscope (Vishay 
Precision Group, Wendell, NC, USA) to illuminate the coating, giving rise to a 
colour pattern of strain when viewed through the ‘polariscope’. Strain was 
calculated at precise consistent points via an optical transducer called a 
‘compensator’ which was attached to the polariscope.   
 
  From the choice of five plastics available, PL-8 was selected as being optimal. 
It is a room-temperature-curing plastic which is produced from a two-component 
resin/hardener system. It is used for making contourable sheets that could be 
moulded to the medial femoral cortex. It has a K-factor (strain optical constant) 
of approximately 0.08, and is generally used to coat metals and other high-
modulus materials exhibiting elongations less than 5%. It was also noted that 
PL-8 would not appreciably darken with time making it suitable for long-term 
testing. Once polymerised its properties remain unchanged even in 
temperatures below freezing which was essential as specimens were refrozen 





2.2.4.1  Calculation of sheet dimensions 
 
  PL-8 was produced from a polymerisation process by mixing a resin and 
hardener. For ease of use a pre-weighed kit producing 80g of PL-8 was used 
which provided the correct ratios of resin to hardener (100:17). Once mixed the 
plastic was then poured into a contained area of constant dimensions and left to 
cure. 
 
  An important issue to address was that of the desired thickness of coating to 
be produced. Once decided this then enabled calculation of the area over which 
the mixed materials would cure. From previous experience working with this 
material and from the pilot study undertaken (Pilot Study 2.3.1), a 2mm 
thickness (0.079 inch) was required. The product literature gave equations and 
measurements in imperial units (inches) however I found it easier to work using 
the metric system (cm / mm). As it was decided to produce coating strips 15cm 
(6 inch) long the dimensions of the adjustable frame into which the liquid plastic 
was poured was calculated as follows: 
 
Equation 1. 
W = 18.5 x A x t (inches) 
 
W = the total amount in grams (PL-8: 80g pre-weighed kit was used) 
Plastic density = 18.5 gm/in3 
A = the area of the sheet to be cast (width x length) 
t = the desired thickness  
80 = 18.5 x A x 0.079 
A = 55 
 
Strips of 15cm length were needed, thus: 
 
Equation 2. 
Area = width x length 
55 = width x 6 
Width  = 9 inches 
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!Final snap frame area for 2mm thickness sheets:  
 
9 x 6.25 inches (procedure guide suggested 0.25 inch addition to allow for 
meniscus formation on polymerisation)   
 
2.2.4.2 Production of photoelastic sheets  
 
 The casting plate on which the polymerisation would occur was cleaned 
thoroughly with isopropyl alcohol (IPA) and scrapped clean of any residual 
plastic. A spirit level ensured the surface was flat. The plate was pre-heated to 
38-43°C for 30 minutes to ensure the mixed plastic would spread evenly once 
poured. To improve the ease of handling, a Teflon sheet was placed on the 
casting plate with any air bubbles removed. The snap frame was assembled to 
the correct dimensions on the casting plate and a few drops of releasing agent 
were applied to the inner margins of the frame and Teflon surface (Figure 2.10). 
 
 
Figure 2.10 Casting plate with Teflon sheet and assembled snap-frame 
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  The resin / hardener were heated in an oven for 30 minutes at 32 – 43oC. 
Once they had reached the target temperature range, the contents of the 
hardener were emptied into the resin container. These were then stirred very 
slowly with a thermometer allowing complete mixing but avoiding the 
introduction of air bubbles. Once the exothermic reaction reached 52oC 
(approximately 10-15mins) the casting plate was turned off and the liquid plastic 
poured in one continuous sweeping motion to reduce the likelihood of streaking 
in the plastic. This was then covered with a Plexiglas plate to prevent dust and 
contamination reaching the plastic.  
 
    After approximately 2-2½ hours the plastic would reach the mouldable stage. 
In the first stage of polymerisation the plastic remained in the viscous state and 
when probed acted like a liquid adhering to the probe. Next, the plastic 
approached a gel state and the surface was easily deformed and sticky. Once 
the plastic was deformable but no longer sticky it was ready to be contoured. 
This was assessed using a wooden tongue depressor and applying gentle 
pressure at the corner of the plastic sheet.  
 
  The frame was removed on two sides in a quick motion to limit the likelihood of 
coating sticking to the edges of the frame. A suggested test to establish if the 
plastic was definitively ready was when a corner is lifted up it would curl back 
down on to the Teflon sheet and would not fall on to itself. At this stage, the 
surface of the coating and scissor blades were covered in mineral oil and 1 x 6 
inch strips cut with a short stabbing motion to avoid strain being conferred to the 
plastic. The strips were gently moulded to the medial femoral cortex starting 
1cm proximal to the lesser trochanter. Again, during this process it is very 
important not to transmit any stress to the plastic when moulding. The Teflon 
sheet was then removed from the strip and was left moulded to the bone to fully 
cure for approximately 18 hours (Figure 2.11). 
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Figure 2.11 Photoelastic coating applied to prepared bones and left to 
fully cure 
 
2.2.4.3 Bonding of photoelastic sheet 
 
  Masking tape was applied leaving a 6mm (1/4 inch) gap between the edge of 
the plastic and the tape. The mould was then gently removed from the bone and 
mineral oil wiped off. Digital calipers were used to measure the coating 
thickness along the length of the plastic to ensure that the thickness of 2mm 
was uniform throughout. IPA was applied to clean the surface of the bone and 
coating surface prior to definitive bonding.   
 
  PC-1 is a 12-hour room-temperature curing adhesive (reflective cement) which 
also consisted of a two component resin / hardener system and was used to 
bond the cured PL-8 plastic to the bone. It was also supplied in a pre-weighed 
kit enabling the contents of the hardener to be emptied into the resin container. 
This was then mixed with a wooden mixer for 4 minutes to ensure a 
homogenous blend. The adhesive was then painted on to the underside of the 
coating strip which was then applied to the bone. This was done beginning at 
one end and slowly applying pressure from distal to proximal, to allow any air 
bubbles that formed to flow out with the excessive adhesive. The aim was to 
obtain a uniform coating of adhesive 0.8 to 1.6mm thick.  
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  Once all the air bubbles were removed and excess adhesive removed, a thin 
coating of adhesive was applied around all the edges to provide a seal against 
moisture. Once mixed, the adhesive had a working time of 40 to 60 minutes and 
reached final cure after 12 hours. At this point, the masking tape was removed 
and the coating was ready to be tested.  
 
 
Figure 2.12 Reflective adhesive used to bond coating to cadaveric bone 
 
2.2.4.4 Calibration of photoelastic coating 
 
   In order to relate fringe orders in the PhotoStress® coating into strain values it 
was necessary to calibrate the coating. This process determined the strain-optic 
coefficient (K) of the coating, which enabled the fringe value (f) to be deduced. 
Once the fringe value of the coating was known strain could be calculated at 
any given point under load.  This process involved bonding a strip of the coating 
plastic to a calibrator device which was then incrementally loaded and values 
taken.   
 
  As a constant amount of coating substance (80g) was distributed into a 
constant sheet size (150 x 100 mm; 9 x 6 in) it was only necessary to perform 
this calculation once. Two calibration strips (25 x 75mm, 1 x 3 in) were cut from 
the polymerised coating and each in turn bonded to the calibration beam using 
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reflective adhesive as described above (2.2.4.3). Calibration involved the use of 
the model 010-B Calibrator on to which the free end of a cantilever beam was 
loaded with a precision micrometer. The coating strips were bonded at the other 
end of the beam 25mm (1 in) from the clamping point. 
 
  Readings were taken from the midpoint of the coating that was marked with a 
cross. The calibration point was observed through the polariscope whilst the 
micrometer head was slowly rotated. When the spindle contacted the beam 
slight birefringence started to appear in the coating. The head was further 
rotated until a convenient round number was reached at which point the initial 
fringe order at the pre-marked point was recorded. The micrometer head was 
then turned 4 full turns (1mm deflection) and then a further measurement taken. 
This was continued for 4 increments resulting in 5 readings in total. These 
values were all repeated a second time to confirm reproducibility of the results. 
The whole process was repeated with a further sample and the results are 
shown in Table 2.14.  
 
Table 2.4 Results of calibration process 
 
   
  The next step in the calibration process was to determine the strain-optical 
coefficient (K). This corresponded to the gradient of the slope: 
ΔN (fringe order) / ΔD (deflection). The results for sample 1 were plotted 
revealing a slope with gradient (0.8 / 4) resulting in 0.2 fringes / mm.   Finally, 
the value for strain-optical coefficient value was combined with the coating 
thickness (2mm) and read from a calibration chart to reveal a fringe value (f) of 
880µm/m. Once this value was known it was then possible to calculate the 
microstrain from the compensator values as follows: 
 
 













1 4 0.8 0.8 0.8 0.9
2 5 1.0 1.0 1.1 1.1
3 6 1.2 1.2 1.3 1.3
4 7 1.4 1.4 1.6 1.5
5 8 1.6 1.6 1.8 1.7
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Equation 3. 
ε1 – ε2  = N x f 
 
Where: 
N = fringe order 
f = fringe value 
 
Thus: 
Microstrain = compensator value x 880 
   49 
 
  The fringe value (f) can be adjusted by altering the coating thickness to suit 
the stress analysis problem. In most cases this value will fall in the range of 500 
to 3000min/in (mm/m) per fringe. Lower fringe values such as the value 
obtained here (880) represent more sensitive coatings. The number 49 in the 
equation was obtained from a constant correction factor on the compensator 
whereby fringe order was calculated by dividing the compensator value by 49. 
 
2.2.5 Potting and marking the specimens 
2.2.5.1 ISO standard potting configuration 
 
  A reproducible means of potting the intact femora was devised based on the 
International Standard (ISO 7206-4).115 This Standard provides a guide for 
testing the endurance properties of stemmed femoral components and was 
adapted as follows. The distance from the centre of the femoral head (C) to the 
tip of the prosthesis (T) was calculated. As this study was using 300mm 
(Redapt) and 265mm (Restoration) stems the CT length was greater than 
200mm and the appropriate parameters were obtained from the table provided 
in the ISO Standard (Table 2.5). As the intact bones and not the prostheses 






Table 2.5 Orientation for potting test specimens, adapted from ISO 
Standard (ISO 7206-4)195 
 
CT (mm) D +/- 2mm α +/- 1 degrees β +/- 1 degrees 
≤ 200 0.4 x CT 10 9 
> 200 CT - 100 0 4 
 
 
  ‘D’ is the vertical distance from the centre of the head (C) to the level of the 
embedding medium. This figure is the length of bone (or stem) that remains 
after the distal 100mm of the CT length is covered by embedding medium. The 
fixation pots used for this study all had a depth of 90mm but since this was 
standardised throughout, the 10mm deficit in fixation depth was accepted. The 
α angle is that between the loading axis line and the long axis of the stem in the 
coronal plane. This was 0o, meaning that the bone was to be potted vertically 
parallel with the loading axis. The β angle is the angle between the loading line 
and long axis of the stem in the sagittal plane. In this case the femoral shaft had 
to be angled posteriorly 4o in relation to the loading plane. The potting 
configuration is illustrated in Figure 2.13, a Redapt prosthesis has been used in 






Figure 2.13 Image adapted from ISO Standard (ISO 7206-4) to illustrate 
potting configuration. In practice, an intact bone was used in place of the 
prosthesis for measurements. ‘C’ is the centre of the femoral head, ‘D’ is 
the vertical distance from the centre of the head (C) to the level of the 
embedding medium, ‘T’ is the tip of the prosthesis. In actual practice ‘T’ 
was taken as the most distal point on the intact bone.  
 
  Each bone was placed in a steel pot of constant dimension with the femoral 
head held under minimal force by a Houndsfield static-loading machine. In one 
instance it was necessary to trim the femoral condyles to accommodate the 
pot’s diameter but otherwise this was not necessary. The long axis of the 
femoral shaft was confirmed parallel to the force axis by use of a large set 
square (Figure 2.14). Posterior tilt of the femoral shaft was assessed using a 
protractor with measuring arm set to 4o (Figure 2.14). In the presence of a large 
anterior femoral bow this angle could be difficult to estimate and in these cases 





























  (A)    (B) 
Figure 2.14 (A,B) Anterior and lateral views of Sawbone and cadaveric 
bone illustrating potting method. The bone was placed in an empty 
stainless-steel pot and lightly held in place with the load head from a 
static-loading machine whilst the correct angles were determined.  
2.2.5.2 Potting materials 
 
  Once the angles were confirmed, the head was held more firmly by the loading 
machine to avoid movement when adding the fixing agent. The pot was 
estimated into fifths: the first fifth was filled with water (approximately 20mm) 
and quick setting ‘post cement’ was added to the next three fifths. Once the 
cement had set after approximately 10mins, the final 15-20mm depth was filled 
with 80g of polymethylmethacrylate (PMMA) bone cement (Biomet UK Ltd, 
Swindon). The unique identifying code for each bone was added in permanent 
marker to the surface of the cement once it had set.  
  
  There are alternative means of fixing specimens and ideally the method should 
provide a solid hold with no risk of loosening, movement or fatigue. 
Furthermore, it should not alter the biomechanical properties of the bone being 
held. Previously low-melting point alloy had been used for this function however 
concerns have arisen as to the likely damage to the specimen caused by the 
high temperatures needed to melt the alloy. PMMA bone cement also reached a 
large exotherm with the attendant risk of thermal necrosis but the method 
!
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described here had a reduced area of contact with the bone. It would have 
taken a vast quantity of PMMA cement to fill each pot and the ‘post cement’ 
provided an adequate alternative.   
 
2.2.5.3 Marking the specimens 
 
  Once the potting materials had fully set the PE coating was marked. A flexible 
paper rule was held against the medial side of the femur at the mid-point of its 
maximal width. Marks were then made with a permanent marker at 1cm 
intervals starting at a point level with the tip of the lesser trochanter (Figure 
2.15). Initially for the pilot study the first point made was 1cm proximal to this 
point, however on implantation of the first stems it was apparent that this point 
was lost when the femoral neck resection was made. Although the morphology 
of the donor femora were all different a strict attempt was made to ensure that 
each point corresponded to the same point on each specimen to allow for 






Figure 2.15 Image taken through the polariscope showing the points on 
photoelastic coating where measurements were taken. Permanent marks 
at 1cm intervals were made with the use of a flexible rule. The coating was 
on the medial aspect of the femur and marked in the midpoint of its width. 
The first point was level with the lesser trochanter and others continued 
distally. A slight colour change is noted in this example around points 6-8 
as the bone was under load when the image was taken. 
 
2.2.6 Loading the specimens 
2.2.6.1 Strain analysis loading protocol 
 
  An adjustable fixture was then attached to the base-plate of each of the pots 
(Figure 2.16).  This allowed for variation in offset to ensure the potting angles 
were maintained when loaded (Figure 2.17). The potted bone was placed on a 
Zwick-Roell static loading machine (Ulm, Germany) between a polyethylene 
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loading head and a large ball-bearing to ensure six degrees of freedom.  Once 
the correct position was determined the adjustable fixture was marked for future 
reference.   
 
 
Figure 2.16 Underside of base-plate showing adjustable fixture attached 
and marked in red in-situ.  
 
Figure 2.17 Anterior and lateral projections confirming correct alignment 
prior to application of static load on Zwick machine. Note protractor 
confirming 4o posterior tilt of Sawbone on lateral view.  
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  In a darkened environment the bones were each gradually loaded until a 
distinct colour fringe was observed through the polariscope. The force was then 
adjusted to the nearest whole multiple of 250N at which point a photograph was 
taken and measurements recorded. Point 1 corresponded to the level of the 
lesser trochanter and 13 further readings were taken at 1cm increments down 
the medial cortex. The force was then sequentially increased by 250 - 500N 
until at least three total increments were obtained. This was done for each of 
the intact bones to act as a baseline to which the strains in the bones with the 
implanted stem could be compared. Recordings were taken at each of the 14 
points and repeated until consistency in values was achieved.  
 
2.2.7 Endocortical contact (‘fill’) method 
 
  Geometric conformity of a femoral stem in the surrounding bone is considered 
an important factor in strain transfer and therefore implant longevity.109, 217, 218 
The two key components in this regard are the ‘fit’ and ‘fill’ of the stem in the 
cavity. ‘Fit’ is the distance between the surface of the implant and the 
endosteum of the femur and is thus a cross-sectional analysis. ‘Fill’ has been 
defined as the percentage of the endosteal space occupied by the implant and 
can be performed using 2-dimensional radiographs.219 In the case of this study, 
the endosteal fill produced by each stem was examined to determine any 
differences between the two systems. This could then be related to the strain 
values recorded using the PE coating. 
 
  On completion of the stability testing (Chapter 3), three of each type of stem 
were sectioned distal to the stem tip and plain film radiographs taken of each in 
the anteroposterior (AP) and lateral planes (Appendix B). These images were 
uploaded to a computer containing AxioVision software version 4.5 (Carl Zeiss 
Micro Imaging GmbH, Jena, Germany). Using this software, a simple calibration 
process was undertaken using the known length of each stem. The radiographs 
were then colour-inverted (dark to light, light to dark) to improve differentiation 
of the surface of the implant and the endosteal canal. 
 
  Using a curved-line tool the surface of the implant was traced on the AP and 
lateral radiographs which produced a surface distance in millimetres. The 
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process was repeated but this time only the points where there was implant-
endosteal contact was measured. This was defined as any point or area where 
there was a less than 1mm gap between the stem and inner cortex of the 
medullary canal.218, 220 On the AP radiograph the outline was measured from 
the femoral osteotomy on the medial side round to the extended trochanteric 
osteotomy (ETO) on the lateral side (Figure 2.18). On the lateral projection it 




Figure 2.18 Anteroposterior radiograph of Restoration (superior) and 
Redapt (inferior) stems for calculation of endosteal fill. On the AP 
projection the total possible contact area was measured from the femoral 












 Figure 2.19 Measurement of implant surface length on inverted lateral 
projection plain film radiograph. This illustration shows Redapt (superior) 
and Restoration (inferior) stems. The total contact length for each stem 
was measured in millimeters by tracing around the stem working distally 
from the level of the extended trochanteric osteotomy. Precision was 
improved by drawing two separate curved lines and the total surface 
length was calculated by addition of the two figures shown for each stem.  
 
  The total length of the stem surface and of stem-bone contact was tabulated 
and a percentage proportion calculated: (contact length in mm / total stem 
surface in mm) x 100. This was determined on both the AP and lateral 
projections for each and an average of percentage contact was then calculated 
for each stem from the data.  
 
2.2.8 Data recording, presentation and statistical methods 
 
 The viscoelastic property of bone meant that under a constant load the strain 
within the coating would be seen to gradually reduce over time and the force on 
the femoral head would also diminish. This made obtaining consistent results 
difficult. To overcome this problem it was important to ensure that the desired 
load was still present and to repeat sampling until consistent results were 
obtained. Ultimately the method involved recording the compensator value at all 
14 points up to three times to ensure the same values were obtained, all the 
while increasing load to ensure the force was constant. Only this final value was 
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taken once repeatability was shown. Data was converted to a microstrain value 
using the calculation discussed in the calibration section (2.2.4.4): 
 
Equation 3.  
Microstrain = compensator value x 880 
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Microstrain (µε =1x 10-6 ε) 
 
  Representative data is shown in this chapter for the control (unoperated) 
femora and each of the revision stems. This is provided in photographic form to 
show the colour fringes obtained and also as a simple x-y graph for microstrain 
at each of the 14 points as load increased. The overall data was then collated 
for each of the three experimental conditions so that a mean for each of the 14 
points could be made and comparisons drawn.  A complete set of results for all 
PE testing is given in Appendix C. 
 
  Data was managed using Excel, version Mac OS X (Microsoft, Redmond, 
Washington) and line graphs were produced as detailed. Statistical analysis of 
the strain data was performed using Prism version 6 (Graph Pad Software Inc., 
La Jolla, CA).  Mean average values for microstrain at each of the 14 points on 
the intact femora was obtained as a baseline for comparison. This was done by 
averaging the strain recorded at each of the 14 points for all tests where there 
was also values taken in the operated femora. This equated to a total of 15 
loads in 7 bones where matching loads were recorded.   
 
  Averages were then similarly taken for representative strain values at the 
matched loads for each of the revision stems. For the Redapt system there 
were 10 loads, from 4 bones, where microstrain was recorded at the same load 
for the intact and operated femora. For the Restoration there were only five load 
increments in 3 bones which were comparable. This process provided a mean 
value of strain at each of the 14 points for the unoperated femora and for the 
Redapt and Restoration tests. 
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  A Mann-Whitney U test (Wilcoxon rank-sum test) was used to compare the 
strain values in an intact bone with those when an implant was present. It was 
also performed to compare mean strain values obtained in the two revision 
stems. The Mann-Whitney U test is a non-parametric test which compares two 
populations. It is the non-parametric equivalent to the t-test used for normally 
distributed samples. A two tailed test was performed at the 95% confidence 
level (CI) and a p value of  <0.05 was considered significant. Statistical data is 
presented graphically as a column bar graph of the mean and standard 
deviation. 
 
2.3 Results  
2.3.1 Pilot study 
 
  To ensure the coating thickness was appropriate and that the PhotoStress® 
method could produce the expected results a small pilot study was performed 
using two medium sized left femur Sawbones. These were coated with a 2mm 
photoelastic coating, potted using the same method (2.2.5) and loaded as 
described (2.2.6). One was then implanted with the Restoration stem and the 
other with the Redapt stem.  
 
  When loaded intact, a colourful fringe pattern was observed from 500N with 
maximal microstrain of 2047 observed at 1000N (Figure 2.20, Figure 2.21). The 
greatest strain in the two intact specimens was seen at points 5-8 and 6-9 which 
equated to approximately 4-8cm from the tip of the lesser trochanter (Figure 
2.21, Figure 2.24).  The bone implanted with the control stem (Restoration) 
suffered a periprosthetic fracture during implantation. The resultant strain 
distribution showed a continuous rise in strain right to the distal extent of the 
coating (Figure 2.22). The results for the investigation stem (Redapt) showed a 









Figure 2.20 Strain distribution for Sawbone intact (A-C) and with 
Restoration stem in-situ (D-F). Note periprosthetic fracture between points 






   
















    











Figure 2.22 Tabulated and line chart summary of Sawbone strain analysis 
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Figure 2.23 Strain distribution in Sawbone intact (A-C) and with Redapt 
stem in-situ (D-F) 
  






   
















    











Figure 2.25 Tabulated and line chart summary of strain analysis for 
Sawbone with Redapt prosthesis 
 
  This pilot showed that colour fringes could be obtained at the coating thickness 
used and that comparable data could be elicited using this method of strain 
analysis. The method was therefore not changed. A comprehensive list of these 
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2.3.2 Strain analysis of intact cadaveric femur (baseline) 
 
  The strain distribution in the intact femur is best illustrated by bone MI 709, 
which was procured from a 64 year-old female donor (BMI 31). The first sign of 
a colour fringe to appear was at 1000N. This was recognisable at points 5–9 
inclusive, corresponding to an area 4-8 cm from the tip of the lesser trochanter 
(Figure 2.26A). As load increased further fringes appeared displacing the initial 
colour peripherally. By maximal load of 3000N the area of highest strain was 
centred around points 4-9 inclusive (3-8 cm) (Figure 2.26). A line graph of this 
data is provided in Figure 2.27. 
 
 
Figure 2.26 Sequential colour fringes observed in the intact specimen MI 
709. Loading was performed at increments of 500N with maximal strain 







































Figure 2.27 Line plot of microstrain observed in bone MI 709 (intact) 
 
2.3.3 Strain analysis in the presence of Restoration prosthesis 
 
  The example of strain distribution for the Restoration stem presented here is 
shown using specimen FL 615, a 66 year old male donor (BMI 33). The first 
colour change was noted at 2500N and progressed as illustrated in Figure 2.28. 
The colour fringes initially appeared spanning the area 6-12 cm distal to the tip 
of the lesser trochanter. By the final image, the area of maximal strain appeared 
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Figure 2.28 Sequential colour fringes observed in presence of Restoration 
prosthesis. Photographs were taken at regular increments between 2500 – 
4250N. Maximal strain was noted 8-10 cm from the tip of the lesser 
trochanter by the final load. 
 
  A graphical representation of the data is provided in Figure 2.29 which 
suggests a more distal pattern of strain when compared to the intact specimen. 
This also shows that as load increased the precision of estimation of the point of 
maximal load improved. At 3000N and 3500N a broad plateau of the curve is 
seen, however, as loading increased this tended towards a sharper apex of the 
curve. In contrast, the line representing values taken at 2500N appears an 



































Figure 2.29 Line plot of microstrain observed in bone FL 615 (Restoration) 
 
2.3.4 Strain analysis in the presence of Redapt prosthesis 
 
  This strain analysis used the same donor (MI 709) as the data presented for 
the intact specimen. As illustrated in Figure 2.30 the first colour fringe was seen 
at 1250N, 250N greater than in the intact specimen. It was not until 1500N that 
the colour change was sufficiently defined to allow for reproducible recordings 
to be made. At this load a maximal strain of 359 was recorded in contrast to 593 
for the intact specimen.  
 
  Final readings were taken at 2000N at which a maximal strain of 611 was 
recorded at points 8-11. This again was less than the equivalent maximum in 
the intact bone of 844 seen at points 5-8. As identified with the Restoration 
prosthesis, peak and overall strain values were diminished in the presence of 
the stem and strain distribution was more distally located along the medial 
femoral cortex.  
 
  The bone was loaded to 2250N to continue the loading pattern at 250N 
increments however failed to withstand this force. During recording at this level 
a crack was heard and the load cell revealed a drop in force of 1000N. Although 
no obvious periprosthetic fracture was identified the bone was subsequently 
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Strain analysis for control stem (FL 615) 
2500N!3000N!3500N!4000N!4250N!
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taken at 2125N and is included here for completeness. No recordings were 
made at this load. A line graph of the data obtained is shown in Figure 2.31. 
 
Figure 2.30 Sequential colour fringes observed in presence of Redapt 
investigation stem. Digital photographs were taken at regular increments 
between 1250 – 2125N. Maximal strain noted 7-9 cm from the tip of the 
lesser trochanter by final image. 
 
 
Figure 2.31 Line plot of microstrain observed in bone MI 709 (Redapt). 
Three loading increments 1500 – 2000N are shown. Comparison with 
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2.3.5 Catastrophic periprosthetic fracture in Redapt specimen  
 
    The distal distribution and lower levels of overall strain was also exhibited by 
the VA 262 specimen implanted with the Redapt prosthesis. At the final two 
loading increments of 2500N and 3000N the intact bone appeared to have 
maximal strain from point 6-9. In contrast, the implanted prosthesis showed 
maximal strain at points 9-13 (Figure 2.32). Significant stress shielding was 
again observed resulting in reduced strain values as well as in maximal strain 
attained throughout comparable loads (Figure 2.33, Figure 2.34). 
 
  Of note is the fact that the bone with the prosthesis implanted failed at a lower 
load than when intact. Although values were recorded at 3000N with the intact 
femur, when implanted, the bone failed catastrophically from a periprosthetic 
fracture around the tip of the stem at 2750N (Figure 2.35).  This could be 
explained by the large bending moment experienced at the tip of the stem as it 























Figure 2.32 Strain distribution for VA 262 intact (A-C) and with Redapt 
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Figure 2.35 Catastrophic failure of bone VA 262 loaded to 2750N with 
Redapt stem in-situ  
 
2.3.6 Statistical results 
 
  The data for all tests where results were recorded at the same load for the 
intact and operated specimens were collated. For example, in the case of VA 
262 given above the intact bone was loaded at 2000N, 2500N and 3000N but 
the operated specimen only at 2000N and 2500N before it failed at 2750N. 
Therefore comparative data for strain values over each of the 14 points would 
only be used for the 2000N and 2500N data. These results are summarised in 









Table 2.6 Tabulated overall mean values. Data represents a mean of all 
comparable readings taken at each of the 14 points for the unoperated, 
Redapt and Restoration specimens. There were 15 loads in 7 bones which 
contributed to the intact baseline results. The Redapt mean values 
corresponded to 10 loads in 4 bones, and the Restoration was compiled 
from 5 loads in 3 bones.  
 
 
  Intact Redapt Restoration 
1 334 93 57 
2 471 102 61 
3 521 183 129 
4 642 295 194 
5 764 426 233 
6 858 506 363 
7 872 492 417 
8 880 539 420 
9 893 580 388 
10 809 575 363 
11 722 582 295 
12 645 623 266 
13 551 600 194 
14 479 539 144 
















Figure 2.36 Line graph of overall mean values for the three experimental 
conditions. Data presented represents a mean of all comparable readings 
taken at each of the 14 points.  
 
    A two-tailed Mann-Whitney U test at the 95% confidence level was carried 
out to compare the overall mean values obtained. This found significant 
differences in mean microstrain values when the unoperated specimen results 
were compared to each of the two revision stem results (p<0.05). Furthermore, 
a significant difference was also found when the mean values for the revision 
stems were compared with one another, p=0.006 (Table 2.7). The comparisons 
made are also presented as bar plots of mean and standard deviation (Figure 
2.37).   
 
Table 2.7 Summary of p values obtained by Mann-Whitney U test 
 
Comparison 1 Comparison 2 P value 
Intact Redapt 0.0065 
Intact Restoration < 0.0001 
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Figure 2.37 Column bar plots of mean and standard deviation (SD) for 
each of the comparisons 
 
  The significant Mann-Whitney U test results indicated that the mean strain 
values recorded was different between the intact and operated specimens, 
p=0.0065 and p<0.0001 for the Redapt and Restoration comparisons 
respectively. Reviewing the quantitative data shown in Table 2.6 it is clear that 
mean strain and standard deviation was significantly reduced by the stems: 
intact femora mean microstrain 674 (SD181), Redapt mean microstrain 438 
(SD189), Restoration mean microstrain 252 (SD127).    
 
2.3.7 Endocortical fill results 
 
  The results for this analysis can be found in Table 2.8. There was variation in 
the stem surface measurements as the exact location of the femoral and 
trochanteric osteotomies varied in accordance with donor bone size. It was 
apparent that there was greater than 10% less fill with the Redapt stem on the 




























































66% of the Redapt stem was in contact with the inner cortex of the medullary 
canal and 73% of the Restoration stem using this method of analysis.    
   
Table 2.8 Summary of endocortical fill results 
 














Redapt 1 293.3 143.0 48.8 249.9 166.4 66.6 
Redapt 2 283.3 176.5 62.3 240.3 179.1 74.5 
Redapt 3 269.1 170.4 63.3 227.2 183.6 80.8 
Average     58.1     74.0 
Restoration 1 253.2 138.4 54.6 198.6 144.8 72.9 
Restoration 2 228.7 197.3 86.2 176.7 151.8 85.9 
Restoration 3 249.9 163.8 65.5 264.5 190.7 72.1 




  This work aimed to use a photoelastic coating to determine strain distribution 
in the medial cortices of cadaveric femora and how this changed in the 
presence of revision prostheses with simulated proximal bony deficits. The 
study hypotheses were that a stress shielding effect would occur with the 
implants in-situ as load would be transmitted preferentially by the stiffer stems. 
It was hypothesised was that long distally fixing revision stems would confer 
strain distally in the presence of fabricated proximal bony deficits. Finally it was 
suggested that the strain pattern would be similar for the two stems. 
 
   Statistically significant results for microstrain were found when the unoperated 
specimens were compared with stems in-situ. There was a reduction in mean 
and overall strain values which was greater in the presence of the Restoration 
stem.  The significant stress shielding effect of revision hip prostheses has been 
noted elsewhere in the literature.22, 221-223 Thomsen et al.22 noted significant 
stress shielding in their clinical study involving 93 extensively porous-coated 
monoblock chrome-cobalt stems (Solution, DePuy). This was most notable 
when stem diameter was greater than or equal to 15mm. Wimmer et al. 
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retrospectively analysed the outcome from 243 cases involving the MRP-TITAN 
(Peter Brehm, Weisendorf, Germany) which aims for distal diaphyseal fixation. 
Their study group involved cases where metaphseal defect augmentation was 
used and found a significant reduction in proximal stress shielding (5.7% vs. 
17.9%; p < 0.05) to when no impaction grafting was used.  
    
  Ellenrieder et al.222 implanted  the cobalt chrome revision stem HSV 
(Orthodynamics, GmbH, Luebeck, Germany) in composite bone and analysed 
strain patterns with a photoelastic coating technique similar to that used here 
(PL-1 with PC-10 adhesive). They also found a significant reduction in strain 
when the revision stem was inserted when compared to the intact femora. 
Interestingly, a recent study by Neumann et al.223 investigated the clinical 
outcome of patients with a mean age of 82 years using a titanium alloy revision 
stem (Ti-6Al-7Nb) the SLR-Plus (Smith & Nephew, UK).  In this population after 
a mean follow-up of 7.1 year there was no significant stress shielding observed 
around the stems. This suggests that titanium alloys have beneficial 
biomechanical properties when compared to cobalt chrome stems.  
  
  The question of a more distal distribution of strain was illustrated by the table 
for overall mean strain values (Table 2.6). This showed that the unoperated 
intact specimens had a peak strain around point 9, the Redapt stem maximum 
was at point 12 and the Restoration at 8. This suggests that the Redapt system 
does indeed have a more distal strain distribution, however this does not appear 
to be the case for the alternative revision stem. These findings are reflected by 
the aforementioned study by Ellenrieder et al.223 who also noted marked 
proximal stress shielding in the presence of revision endoprosthesis with a more 
distal distribution of strain.   
 
  Finally, it was expected that the strain patterns seen by the two revision stems 
would be similar. The Mann-Whitney U test gave a statistically significant result 
(p=0.006) to suggest that there was indeed a difference between the two. 
Reviewing the data it appeared that the Restoration stem resulted in greater 
stress shielding than the Redapt system resulting in a lower overall mean 
microstrain, 438 vs 252. The strain in the Restoration system did not appear to 
be conferred distally as convincingly as the Redapt system and the spread was 
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also not as close to the physiological values of the intact specimens (SD 181, 
189, 127 for intact, Redapt and Restoration respectively).  
 
  As regards the radiographical analysis of endocortical fill it was shown that 
there was a difference between the two stems. Overall there was 7% less 
contact with the Redapt revision stem. It is interesting to note that based on the 
literature it was hypothesised that the stem with greatest geometric conformity, 
i.e the Restoration stem, would have the most physiological distribution of 
strain. This was found not to be the case and suggests that the chamfered end 
to the Redapt stem results in less contact (a smaller fill) which causes 
diminished stress shielding and a resultant strain distribution which more closely 
reflects the intact specimens. In contrast, the Restoration stem with greater 
endocortical contact results in stress shielding along its whole length.  
 
  Use of a photoelastic coating technique provided both quantitative and 
qualitative data in the form of analysable colour fringes and its use has been 
described and validated elsewhere in the literature.222, 224 The coating was able 
to withstand the freezing temperatures in which the bones were stored prior to 
stem implantation and did not darken or deteriorate over time. The production of 
sheets, which could be contoured, was ideal to accommodate the different sizes 
and topography of the specimens. The coating thickness chosen was also 
appropriate as it provided sufficient colour fringes for the range of strains 
produced during loading.  
 
  Except for the separate proximal body section of the Restoration system the 
other major difference was in the sizes available for the two systems. This was 
mentioned briefly in the section on TraumaCad templating (2.2.2.1). The Redapt 
system femoral stem diameter started at 13mm and the Restoration stem at 
14mm. This meant that two of the Restoration specimens (AZ 721, MI 709) 
were templated to accept a 13mm diameter stem but implanted with a size 
14mm. Interestingly this resulted in premature failures in both cases resulting in 
neither being used for strain analysis. The AZ 721 specimen fractured during 
implantation and sank deep into the femoral shaft and could not be used for 
testing. The MI 709 specimen was used initially for the stability analysis 
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(discussed in chapter 3) but failed with a catastrophic fracture with no strain 
data recorded.  
 
2.4.1 Limitations of photoelastic coating technique 
 
  Despite the obvious benefits that the photoelastic coating technique provides it 
does also have several notable limitations. It is worth considering these in the 
order in which they are encountered in the workflow. 
 
  Firstly there is complexity in the choice of appropriate plastic to use. Once the 
decision to use a contourable liquid plastic was made there were still several to 
choose from. Choice of the correct material required extended knowledge of the 
biomaterial properties of the subject matter (bone) and calculations to estimate 
the required coating thickness were also not elementary. Personal or laboratory 
experience in this regard is helpful to avoid costly and time-consuming errors as 
well as pilot experimental data such as performed here.  
 
  Calculation and assembly of the snap-frame was simple but liable to 
inaccuracies. Seepage of liquid plastic prior to curing occurred despite 
conscientious technique and was a source for error in the eventual coating 
thicknesses attained (Figure 2.38). Thickness was measured with digital 
callipers and invariably showed slight variation between the sheets obtained 





Figure 2.38 Seepage from corner of snap-frame resulting in inaccuracies 
in estimation of coating thickness 
 
  Aggressively mixing the warmed PL-8 resin and hardener could introduce 
streaking and air bubbles which might not be apparent until final curing 2 hours 
later (Figure 2.39). Application of too much realising agent on the Teflon sheet 
and frame edges could also cause streaking as could reduced ambient 
temperature. This last factor significantly delayed curing of the plastic and it was 
possible that curing might not occur at all if temperatures fell significantly below 
normal room temperature.  
 
 
Figure 2.39 Illustration of streaking in cast plastic. This occurred due to 
the cold ambient temperature which delayed the curing process.  
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  The most unpredictable and most highly variable aspect of sheet production 
was that of time to cure for the plastic. In my experience this varied from 
between 90 minutes to 150 minutes. This required constant probing of a corner 
of the plastic which could then not be made into a useful coating strip. The 
surface had to be deformable on gentle pressure but not sticky at the point of 
removal of two side of the snap-frame. This had to be done in a ‘quick whipping 
motion’ to not disrupt the plastic. Even at this stage a coating could be rendered 
unusable from misjudging this exact time point (Figure 2.40). 
 
 
Figure 2.40 Premature removal of snap frame edge resulted in stretching 
of the coating. This would affect the thickness of strips produced so this 
sheet could not be used for analysis.  
 
  Even once two edges of the frame had sucessfully been removed it was still 
necessary to wait until the contouring stage. Judgement was critical as 
attempting to cut strips when the plastic was not fully cured caused stretching of 
the coating and an inability to cut cleanly. Waiting too long meant the plastic 
was too hard to shape adequately to the bone and would have to be discarded. 
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  With practice it was soon possible to make high quality reproducible coatings. 
It was necessary to adhere closely to the correct production steps and remain 
meticulous with details. For example, avoiding the application of more than a 
few drops of releasing agent on the Teflon carrier sheet which could otherwise 
lead to streaking in the coating. Applying too much pressure when moulding the 
strip to the test surface could transfer residual strain to the surface, or failure to 
apply mineral oil to the scissor blades would prevent them from cutting cleanly. 
The process was lengthy taking 4 hours to polymerise the plastic, 18 hours to 
reach final cure, and a further 13 hours to bond the coating ready for analysis. It 





  The aims of the study were achieved as the photoelastic method was found to 
provide an accurate and reproducible means of measuring strain in the proximal 
femur. The colour fringes revealed a unique image of strain inception and 
propagation and strain values could be measured over a large area. 
Furthermore, the radiographic method of measuring endocortical fill was 
satisfactory and revealed differences between the two stems.  
 
  The null hypothesis for the photoelastic strain analysis was that there was no 
difference in strain values for an intact bone or when a femoral revision stem 
was implanted. This can be rejected in favour of the alternative hypothesis 
as statistically significant differences were found. In contrast, the 
hypothesis for the endocortical fill examination must be rejected. This 
stated that the stem with the greatest geometric conformity would result in the 







Chapter 3: A human cadaveric study of the primary 
stability of two revision hip stem designs using 




  Severe proximal femoral bony deficits (Paprosky type II and III)68 compromise 
implant stability and contribute to the inferior survivorship observed in revision 
total hip replacement (THR).16, 17 Revision stems have therefore been 
engineered to span these defects and attempt to achieve stability at the distal 
bone-implant interface. Multiple different stem designs and methods of fixation 
have been assessed in the literature to optimise implant longevity. These 
include: monoblock25, 38 versus modular prostheses,225, 226 cylindrical versus 
tapered stems,67, 227 and cemented21, 59, 60, 228 versus uncemented fixation.83, 227  
The extent of porous coating has also been examined with proximally coated 
and fully coated stems reviewed.25, 229 
 
  As discussed in Chapter 1, the current literature suggests increased popularity 
of the tapered, fluted, modular titanium-alloy (TFMT) stem design in contrast to 
a cylindrical, non-modular cobalt chrome (CNCC) prosthesis.67, 227 Titanium 
alloy has a lower Young’s modulus than cobalt chrome with a suspected 
improvement in load transfer and reduction in stress shielding.141, 230, 231 The 
taper is thought to provide axial stability whilst the presence of longitudinal 
flutes in the TFMT prosthesis is thought to provide initial rotational stability. This 
is based on the Wagner philosophy.232  
 
  The Wagner revision system (Zimmer GmbH, Winterthur, Switzerland) was 
introduced in 1986 and was first described in the German literature in the late 
1980’s and early 1990’s.93-95 It is a cementless monoblock system with a 
tapered conical stem for distal fixation. The eight longitudinal flutes on the stem 
are designed to cut into the surrounding cortical bone for rotational primary 
stability. There is a large body of evidence to support the efficacy of this 
design.96, 97 
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  The work presented in this chapter is an in-vitro analysis using cadaveric 
materials and as such is concerned with stability prior to biologic fixation. This 
period of relative motion at the stem-bone interface is termed primary stability 
and occurs in the immediate post-operative phase. As detailed in Chapter 1, it is 
best assessed in terms of migration and micromotion. Migration is defined as 
the irreversible change in position of a component relative to its host bond, and 
micromotion is the recoverable relative position after a loading episode.  
 
        It has been shown in multiple studies that early migration of an implant is 
predictive of late aseptic failure.117-124 It has also been shown that excessive 
movement at the stem-bone interface of uncemented implants results in fibrous 
on-growth, inhibiting osseointegration, resulting in loosening and failure.126, 127 
There is, however, no clear consensus as to the exact threshold for these 
values.  
 
  Many different methods for measuring implant stability have been described in 
the literature, including: radiographic assessment,65, 129 finite element 
analysis,102, 132 Einzel-Bild-Roentgen-Analyse-femoral component analysis 
(EBRA-FCA),133-135 micromotion transducers,136, 137 and radiostereometric 
analysis.130, 131 This study employed the final two methods listed for recording 
and analysing motion in two revision hip stems. 
 
  This chapter aimed to investigate the primary stability of two contrasting 
designs of revision hip stem implanted in cadaveric femora using micromotion 
transducers and radiostereometric analysis.  Both designs featured a 3o  tapered 
stem with cutting flutes for rotational stability. The investigation stem, Redapt 
(Smith & Nephew, Memphis, USA) differed from the more typical Wagner-
design of the Restoration control stem (Stryker, Mahwah, NJ, USA) by having a 
chamfered distal stem tip and a novel flute configuration as detailed in Chapter 
1 (Figure 3.1). It was this pattern of flutes and its effect on implant stability 








Figure 3.1 Rocktite arrangement of major and minor flutes on Redapt 
stem. Both major and minor flutes increase in height and width from distal 
to proximal. The major flutes provide the principle axial and rotation 
stability and make up the three-degree taper profile. They increase in 
width by 50% from distal to proximal. The minor flutes provide additional 
stability through their wedge-shaped cross section proximally. 
 
  It was hypothesised that the novel design would achieve comparable overall 
stability to the well-validated control stem but would have superior rotational 
stability due to its new flute configuration.  Based on previous literature the 
following threshold values for implant stability were set as micromotion less 
than 150µm127 and migration less than 2mm.124 Linear variable displacement 
transducers were used to measure axial subsidence as well as movement of 
the stem tip in the anteroposterior and varus-valgus planes. Furthermore, 
radiostereometric analysis (RSA) was used to assess proximal movement of the 









3.2 Materials and methods 
 
   As detailed in Chapter 3, this work was performed using seven pairs of 
matched cadaveric femora (Anatomy Gifts Limited, Hanover, USA) and two left-
sided 4th generation medium Sawbone femora (Sawbones, Malmo, Sweden). 
Human cadaveric femora were used as their biomechanical properties most 
closely reflect that of living bone and were sourced according to strict inclusion 
and exclusion criteria (2.2.1). The details of each donor specimen is given in 
Appendix A and each is referred to hereafter by its two letter US State origin 
abbreviation e.g. NY and the last three digits of its unique eight digit 
identification number. Additional data was obtained using Sawbones which are 
manufactured to have similar mechanical properties to human bone206 and have 
been validated in the literature.205 
 
3.2.1 Linear variable displacement transducers 
 
 Motion of the prosthesis relative to the femoral cortex was measured using 
linear variable displacement transducers (LVDTs) with a resolution of 1µm and 
a sensitivity of ±0.2%  (HBM W1, Hottinger, Darmstadt, Germany) (Figure 3.2). 
These are passive induction-type transducers, as they require an external 
source of power to operate.  The function of an LVDT is to produce an electrical 
output signal, which is precisely proportional to the mechanical displacement of 
a sensing probe. They consist of one primary and two secondary coils which 
are symmetrically arranged to form a hollow cylinder. A magnetic nickel-iron 
core, supported by a nonmagnetic push rod, moves axially within the cylinder in 
exact accordance with the mechanical displacement of the probe tip.  
 
Figure 3.2 Linear variable displacement transducer (HBM, Darmstadt, 
Germany). The probe tip was modified to accept an extension piece so it 
could cross the outer cortex of the bone and contact the stem surface. 
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    As the probe tip is displaced and the iron core slides within the tube it affects 
the magnetic coupling between the primary and two secondary coils. These are 
referred to as Hall effect transducers. When the core is in the centre, the 
voltage induced in the two secondaries is equal. When the core is moved in one 
direction, the voltage induced in one of the primary coils is increased and that in 
the other is decreased. Conversely, the opposite effect is seen when the 
movement is in the opposite direction (Figure 3.3). It is this induced voltage 




Figure 3.3 Arrangement of linear variable displacement transducer 
 
 
  The benefits of LVDTs are that they produce high output voltages for small 
changes in core position making them ideal for measuring micro-movements. 
They are robust and are capable of operating in a wide variety of environments. 
Additionally, there is no permanent damage caused to the LVDT if 
measurements exceed the designated range. They were ideal in this 
experiment as they provided dynamic real-time recording during loading cycles 
and differ from other modalities which may only provide data on completion of 





3.2.1.1 Mounting the LVDTs 
 
  For this study, I used WI/2 mm-T transducers with a resolution of 1 µm. The 
aim was to capture movement of the prosthesis relative to the bone in 4 planes 
(Figure 3.4): axial subsidence in the y-axis, varus-valgus (V-V) (coronal plane) 
movement of the tip in the x-axis, and antero-posterior (AP) movement of the tip 
(sagittal plane) in the z-axis. A further mounting was attempted to capture 
rotation around the long (y-axis) of the prosthesis to provide data on toggle of 
the stem. After preliminary data analysis it was decided to remove this final 
mounting, this is discussed in greater detail in the section on study limitations 
(3.4.1).   
 
 
Figure 3.4 Illustration of the different planes of movement recorded by the 
LVDTs 
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  The method for mounting the LVDTs was adapted from a paper published by 
Bieger et al. (2012).115 This paper used 4.5 mm Schanz screws to attach the 
LVDTs. These are self-drilling, self-tapping screws which feature a threaded 
and long non-threaded section and are more commonly used in external-fixator 
systems. They have the advantage of achieving a strong unicortical anchor in 
the bone on to which a transducer can be stably attached. The aim being that 
the probe tip of the LVDT was in contact with the stem surface so any 
movement at the stem-bone interface was transferred accurately to the probe 
tip. To ensure a reliable coupling between the screw and LVDT bespoke fixtures 
were manufactured from acetal (Figure 3.5).   
 
 
   
Figure 3.5 LVDT shown clamped securely by fixture. To avoid 
inaccuracies there could be no movement of the fixture in relation to the 
Schanz screw or transducer.  
 
 
  The fixtures featured two holes of appropriate diameter to accommodate the 
wider LVDT barrel and the smaller Schanz screw. The distance between these 
holes was 10mm for the two distal LVDTs and options of 15mm and 20mm for 
the proximal axial mounting. This variation allowed for the difference in 
thickness of the extended trochanteric osteotomy (ETO) for the different donor 
specimens. A small grub screw held the Schanz screw securely and two 





       (A)    (B)   (C)       (D) 
Figure 3.6 Unique fixtures manufactured for this work. (A+B) feature 
10mm distance from mid-point of Schanz screw-hole to mid-point of 
transducer screw-hole. (A) also illustrates modification of shortened distal 
segment which was used for axial mounting to avoid contact with the load 
head. (C+D) were used for the axial mounting with distances of 15mm and 
20mm respectively between the holes. The grub screw used to engage 
and hold the Schanz screw can be seen protruding from the top of each 
fixture. The screws for holding the LVDT were either side of this screw 
and are recessed and not clearly visible in this image.  
 
3.2.1.2 Placement of the LVDTs 
 
  The method for siting the LVDTs had to be accurate and reproducible to 
ensure consistent and accurate results. The aim was to firmly affix the 
transducer to the Schanz pin so that any movement at the stem was accurately 
transmitted to the probe tip with no added superfluous movement. This was 
performed systematically using the method described below. 
 
  Two 4th generation medium Sawbone femora (Sawbones, Malmo, Sweden) 
and seven matched pairs of cadaveric femora (Anatomy Gifts Limited, Hanover, 
USA) were obtained, prepared and potted as detailed in Chapter 2. Each potted 
specimen was held rigidly with a clamp prior to marking and drilling the required 
holes for LVDT attachment as follows.   
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  Permanent ink markings were made distally at an approximation of the tip of 
the implanted prosthesis on both the posterior and medial cortices of each 
femur. This was done with a rule measuring at 295mm from the tip of the visible 
shoulder of the prosthesis (Redapt) and at 265mm (Restoration). Further 
confirmation of the correct estimation of this landmark was made by holding a 
matched prosthesis up against the implanted one.  
 
  This additional prosthesis was then used to approximate the exact orientation 
of the distal end of the stem in the AP and lateral planes. Knowing the correct 
orientation, two further marks were made 5mm proximal and 5mm distal to the 
marked tip. The proximal mark would be used for the LVDT probe tip and the 
distal one for the Schanz pin. Limiting the distance to 10mm restricted possible 
error in measurement calculation whilst providing sufficient distal clearance so 
the Schanz screw would not interfere with the tip of the stem.  
 
  The smallest available drill-bit was used to drill the proximal hole freehand. 
Feedback would be felt when the tip came into contact with the stem. A drill-bit 
larger than the diameter of the LVDT probe tip was used to enlarge this first 
hole. At this stage it was possible to see the stem surface at the base of the 
drill-hole. A drill-guide designed specifically for this project was then used to drill 
the second hole 10mm distal to the first (Figure 3.7). This facilitated keeping the 
holes the correct distance apart, however it was still important to maintain 
parallel trajectories. Mindful of the correct orientation the Schanz pin was 




Figure 3.7 Drilling the distal anterior hole with use of the drill-guide.  
 
  The fixture was then slid on to the Schanz screw into an approximate position 
before the LVDT was then secured in place. Once the probe tip was in contact 
with the surface of the stem the grub screw was then tightened to the definitive 
position (Figure 3.8). Two aspects were of vital importance, firstly that the probe 
moved freely in the drilled hole with no friction, secondly that the LVDT starting 
position allowed for the tip to move in either direction. If the probe was set–up at 
its furthest extent there would be no allowance for movement of the stem away 





Figure 3.8 Close-up view of the LVDT – Schanz screw construct. It was of 
utmost importance that the Schanz screw was firmly in the cortex, that the 
probe tip moved freely in its channel and that there was no other 
movement possible in the construct.  
 
  This process was then repeated for the two drill holes needed to mount the 
second distal LVDT. The steps were identical but were easier as there was now 
a fixed point of reference. The main consideration now was to ensure that the 
second Schanz screw was placed perpendicular to the first so that 
measurement in the anteroposterior and varus-valgus planes was at right 





   (A)      (B) 
Figure 3.9 (A) Cranio-caudal and (B) oblique views of the Schanz screw 
positions illustrating perpendicular positioning. The medial-lateral screw 
in (A) was sited to match the anteversion of the neck of the prosthesis. 
The LVDT measuring varus-valgus movement of the stem tip was attached 
to this mounting.   
 
 
  The final LVDT was placed proximally to measure axial migration of the stem. 
Certain landmarks on the shoulder of both stems were clearly visible and could 
be exploited to position the LVDT probe tip. For the Redapt stem a convenient 
recess was present where the stem introducer previously fit to impact the stem 
in place. In the case of the Restoration system, the centre of the screw head 
affixing the proximal body to the stem was used. From the centre-point of these 
landmarks 10mm, 15mm or 20mm was marked directly lateral on the tip of the 
trochanteric osteotomy. The distance depended on the size of the bone and the 
osteotomy itself. This point was drilled directly parallel to the long axis of the 
stem. The Schanz screw was then placed in the same manner as previous 





Figure 3.10 Illustration of the final positions of the LVDTs. (A) 
Corresponds to the axial transducer, (B) the medial-lateral (varus-valgus) 
transducer, and (C) the anteroposterior mounting.  
 
3.2.1.3 LVDT data acquisition and analysis 
 
  The LVDTs were connected to a Spider8 data acquisition system and analysis 
performed using Catman Basic® data acquisition software, both manufactured 
by HBM (Hottinger Baldwin Messtechnik, Darmstadt, Germany). A data 
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acquisition (DAQ) project was set-up for the three LVDTs using the Catman 
program. This could then be accessed for each separate load cycle and 
ensured more efficient workflow.      
 
  To set-up the DAQ project the Spider8 module was connected to a PC which 
ran the Catman software. This was opened and the prompt was followed to set 
up a new DAQ project. An initialisation process was automatically performed 
which identified which of the Spider8 channels was occupied. It was then 
necessary to assign the correct type of WI transducer to each channel 
connected. Once these had been identified certain specifics of the project could 
be decided.  
 
  A default recording frequency of 50Hz (ie 50 data values recorded per second) 
was maintained. This was the lowest frequency available, however since this 
project would be performed for 1000 cycles at 1Hz, 50 000 data values would 
be obtained per load cycle. Higher sampling frequency values were tested but 
the datasets generated were very large with little further useful information 
added. This was because the important factor was not the total number of 
points produced but the rate of change of the movement. As the cycles were 
performed under a load frequency of 1 Hz, recording 50 values a second was 
sufficiently accurate to assess this change. Pre-determined sampling time 
periods could be ascribed but it was more accurate to manually start and stop 
recording. It was essential to set the ‘zero’ function so each transducer was 
zeroed at the commencement of the loading cycle.  
 
  Finally it was necessary to determine the method of data visualisation. This 
helped ensure that the LVDTs were recording appropriately and was useful to 
see the values generated in real-time. This could be a continuous numerical or 
graphical output. The latter was selected with a simple x-y axis graph with time 
(seconds) against movement (millimetres) on the y-axis. Each of the channels 
was labelled according to the direction of movement recorded by that LVDT. 
The scale was set so that the cut-off for significant movement could be readily 
identified during each loading cycle. As movement was found to increase as 
load increased this scale was often adjusted between cycles. 
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  Once 1000 cycles, 1000 seconds, was reached the recording was manually 
stopped and data saved as both a Catman and Excel file. The saved DAQ 
project containing these specifications could then be accessed for the next 
loading cycle.  
 
  The Excel spread sheet for each loading cycle was then scrutinised to 
determine the migration and micromotion recorded by each LVDT. To obtain 
these values the data recorded for the last 100 cycles of each transducer was 
extracted. This was arranged in numerical order to determine the minimum and 
maximum range of movement during these last cycles (micromotion). The lower 
value, or least negative in the case of movement away from the transducer 




Figure 3.11 Graphical representation for the calculation of migration and 
micromotion from LVDT output. This graph shows movement (mm) 
recorded by the anteroposterior and varus-valgus LVDTs for the first 20 
seconds of a loading cycle performed in a Sawbone (750-350N) using the 
Redapt prosthesis. In practice the last 100 seconds was used for this 
purpose. Positive values obtained by the anteriorly placed AP transducer 
corresponded to anterior movement of the distal stem tip. The negative 
values from the medial V-V transducer indicated varus movement of the 
tip laterally. The recording trace from the axial LVDT has been omitted.  
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3.2.2 Radiostereometric analysis methodology 
 
  As detailed in Chapter 1, RSA was first developed by Selvik in 1974 for the 
accurate measurement of three dimensional migration of prostheses.146, 147 The 
technique has a reported accuracy ranging from 0.05 to 0.5mm for translations 
and 0.15o to 1.15o for rotations (95% confidence interval).148 The technique 
involves the use of small radio-opaque markers affixed to a prosthesis and the 
surrounding bone with two synchronised X-ray foci used to obtain a stereo 
image. A calibration box containing accurately placed control (‘fiducial’) markers 
form a three-dimensional co-ordinate system to which the markers in the stem 
and bone are related, also in three-dimensions. 
 
  A baseline ‘post-operative’ radiograph is the first step in determining the co-
ordinates for each of the bone / stem markers in relation to the calibration grid. 
The bone markers are intended to be static and are termed ‘fixed body’ 
markers.   Successive radiographs after a loading cycle, or ‘provocation’, can be 
analysed to determine the relative movement of the stem markers against the 
static bone ‘reference’ markers using this grid co-ordinate system. Calculation 
of movements for each implant marker is done using simple vector translations 
and is automatically performed by the RSA software.  
 
  The radio-opaque markers used for this method are spherical beads made 
from the inert metal tantalum and come in three sizes 0.5, 0.8, and 1.0mm (RSA 
Biomedical, Umeå, Sweden). Their small size and spherical shape means that 
their projection will not be influenced by either changes in the X-ray beam 
position or patient position. Tantalum has a high atomic number (73) facilitating 
it being seen on the radiograph and also allowing lower doses of radiation to be 
used for RSA films which is an important consideration when used in the clinical 
context. Tantalum does not corrode, is biocompatible and there have been no 
reports of adverse effects arising from its use in this context. 
 
  To define a three-dimensional reference co-ordinate system, at least three 
non-linear markers were required.233 Therefore, to define the ‘rigid body’ 
reference created by the surrounding bone, 5 beads were used. A greater 
number of beads improves the accuracy of the procedure and reduced the 
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chance of bead obstruction from the projection of the prosthesis or cerclage 
wires. Stability of the bone markers was vital for reliable results.  This is verified 
by the RSA software which compares the inter-marker distances between 
consecutive radiographs. Changes in distance greater than 0.3mm are 
considered to indicate an unstable marker which was then excluded from the 
analysis.233   
 
  As the stability of the reattached trochanteric osteotomy section could not be 
guaranteed the bone markers were inserted medially around the lesser 
trochanter. The presence of the hard photoelastic (PE) coating on the medial 
cortex (Chapter 2) meant that these had to be inserted from ‘inside-out’. 
Therefore, once the implant was in-situ, the applicator gun was used to fire 5 
beads around the proximal medial femur.  
 
  This method was found to be sub-optimal as the restricted access created by 
the presence of the stem resulted in clustering of the markers (Figure 3.12A). 
The technique was therefore refined to gluing the markers on to the surface of 
the PE coating with strong adhesive (Figure 3.12B). This allowed for improved 
spread and distribution of the markers. An alternative strategy might have been 
to introduce the beads at the time of full surgical exposure prior to implantation 




        (A)      (B) 
 
Figure 3.12 Optimisation of method of bead placement. (A) Is taken from 
an RSA radiograph and shows clustering of the ‘bone marker’ beads with 
two obstructed from view by the stem. The two beads mounted on the 
proximal stem are also clearly visible. (B) Illustrates the improved method 
of adhering the markers to the surface of the photoelastic coating, four 
beads can be clearly seen.  
 
  Siting the beads on the stem was a relatively simple process in contrast. For 
the marker to be visible it had to be mounted on a radiolucent platform away 
from the implant. This was achieved by cutting household coaxial cable clips 
into simple towers onto which the bead could be glued. One was placed 
proximally on the shoulder of the prosthesis, antero-lateral to the position for the 
axial LVDT. The second was placed on the underside body of the implant on a 
plane lateral to the first (Figure 3.13). It was important to be mindful of the 
projection of the RSA X-ray foci to ensure this second bead was placed on the 





Figure 3.13 Definitive placement of tantalum beads shown on Redapt 
stem. Note the two beads mounted on plastic towers (black arrows) and 
glued in to place. Care was taken to avoid obstruction of either bead 
caused by stem projection on RSA radiographs.  
 
  Initially, it was thought that the tip of the stem would form the third reference 
point. However, when running a pilot analysis it was discovered that the stem 
was too long to fit on the RSA radiograph. Therefore a process within the RSA 
software was performed to calculate the centre of the femoral head to provide 
the third point. This is explained in more detail below (3.2.2.1).   
 
3.2.2.1  RSA radiographs – positioning, storage and analysis 
 
  Correct alignment and positioning of the implant in the imaging field was 
essential for accurate analysis. To ensure this occurred it was first vital that the 
X-ray tubes were positioned so that they correctly exposed the appropriate half 
of the calibration plate. To do this, two mobile X-ray units were used and 
positioned 1.4 - 1.6m above the cage at an angle of approximately 20o to the 
vertical. 
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  The light function for each was activated to confirm that the beam was 
correctly exposing the desired field of the calibration plate. The left hand-side 
beam exposed the right side of the calibration plate and was termed ‘focus 1’ 
and vice versa. Each field was defined by four ‘control’ crosses and two 
additional crosses which came from the central frame of the cage. Once the 
correct width, height and angle for each beam were determined the floor around 
the cage and units was marked with adhesive tape. This ensured that the initial 
setting-up process only needed to be performed once and then checked 
periodically throughout testing.  
 
  A mobile radiolucent table was wheeled over the cage and the potted bone 
placed at an estimate of the midpoint of the cage (Figure 3.14). Sponge wedges 
were placed under the proximal femur to reproduce a more anatomically correct 
alignment and also to protect the posteriorly projecting axial Schanz screw. 
Once the trial radiographs confirmed that the stem was within the four control 








   (A)      (B) 
Figure 3.14 RSA set-up. Image (A) shows definitive position of X-ray 
beams from two mobile units. The potted bone is seen positioned on the 
radiolucent table with the calibration cage sited below (B). The wheels of 
the cage, table and X-ray units were locked and marked on the floor. 
Sponge wedges improved the implant position and prevented disruption 
of the axial Schanz screw. Two AGFA direct radiography detectors were 
placed in the slot on the right of the cage where the string is seen 
hanging.   
 
  The calibration cage contained a long slot into which two AGFA direct 
radiography (DR) detectors (Agfa Healthcare, Mortsel, Belgium) were placed. 
These are digital plates on to which the images were captured. The exposure 
buttons for the two X-ray units were then pressed simultaneously whilst 
adhering to radiation precautions. Each detector was then identified by the 
AGFA radiology programme before being analysed. The DICOM image was 
then assessed and if adequate was sent via a DICOM-link to the workstation 
containing the RSA software UmRSA version 6 (RSA Biomedical, Umea, 
Sweden).  
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  The baseline and successive ‘post-operative’ paired images for each study 
were stored on the UmRSA workstation. Analysis was then performed using the 
UmRSA Digital Analysis module. The first step in analysis was to perform an 
automation process that identified the control (‘fiducial’) markers on the 
calibration box. These markers are placed in the calibration box by a computer-
controlled process and their positions are known to within a few micrometers.  
 
  As mentioned previously, they form a three-dimensional co-ordinate system to 
which the markers in the stem and bone are then related. Any fiducial marker 
identified by this process can be manually included or excluded based on how 
clearly it was visualised. Markers obstructed by the bone or prosthesis were 
identified in red and may not be included in the analysis. If too many markers 
were obstructed then the analysis was either inaccurate or not possible. 
 
  Once these had been identified the markers on the prosthesis were then 
manually labelled in focus 1. The section of the radiograph showing the 
proximal stem was zoomed into and the two mounted beads identified and 
given a new segment number starting 20-. The superior stem marker was 
coded 201 and the inferior stem marker 202. To assign marker 203 to the 
centre of the femoral head the following process was performed. ‘Calculation of 
centre of sphere’ was selected in the study settings for all analyses. An 
estimation of the centre of the femoral head was made by clicking in the image 
accordingly. ‘Ellipse points’ were then manually added to the femoral head 
starting from a point closest to the neck. The next point was added on the other 
side of the head closest to the neck and so on, working systematically 
outwards.  
   
  Once sufficient ellipse points had been added (usually 5 or 6) the software 
would fill in the gaps and the centre of the head recalculated by the modeling 
software. The new position was then labeled 203 (Figure 3.15). The image was 
readjusted to display the full display of focus 1 and then the stem in focus 2 was 
enlarged. In this second image each stem marker was clicked and asked 
‘suggest id for this point’. The corresponding number of 201 or 202 was then 
allocated. The same process as described previously was then repeated to 





Figure 3.15 Marking the stem in radiostereometric analysis. Note the 
ellipse points around femoral head with calculation of centre of the ellipse 
denoted as point 203. The two stem markers can also be seen around the 
shoulder and inferior to the neck of the prosthesis, 201 and 202 
respectively.  
 
  The proximal femur containing the ‘rigid-body’ bone markers was enlarged in 
focus 1 and each marker was given a number as part of segment 30- (Figure 
3.16). The reciprocal markers in focus 2 were then given the same 
corresponding number 301-305. In this way the three markers comprising the 
stem formed one segment and those in the bone a second segment. The co-
ordinates of each marker could then be transformed to the three-dimensional 
fiducial coordinate system and any changes could then be related to this 





  (A)    (B) 
Figure 3.16 Assigning rigid-body markers in the surrounding bone. Image 
(A) shows the tantalum beads prior to being assigned a unique 
identification number, (B) the markers have each been coded 301-304 
from proximal to distal. These bone markers were glued to the medial 
cortex of the femur to ensure adequate spacing and limited obstruction. 
 
  The UmRSA Analysis software was used to compute the changes in 
successive pairs of radiographs into migration data. This software provided 
options for different forms of analysis e.g. motion, wear, growth, and kinematics. 
It was the kinematics module that was most appropriate for this study. The data 
was analysed in two separate ways: point motion (PM) and segment motion 
(SM) analysis. 
 
  In PM each of the three points demarcating the stem was compared with the 
rigid-body reference segment formed by the markers in the bone. A value for 
movement in the x, y and z planes for each stem marker was then calculated for 
each successive pair of radiographs. Each pair is termed a ‘provocation’ and 
could be compared either to the baseline, provocation 1, or to any of the 
preceding pair of provocation radiographs. The main outputs of this analysis 
were the individual translations of each stem marker, the average movement of 
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the three stem markers in the x-,y- or z-axis, and the maximum total point 
motion (MTPM). This last figure is the total three-dimensional vector translation 
of the marker that moved most in any one position during that series.234 
 
  In contrast, segment motion treats the bone markers as one three-dimensional 
segment and the prosthetic markers as another. Similarly data is presented as 
x, y and z translations as well as rotation about the x-, y- or z-axis. Again it is 
possible to compare provocation radiographs to a baseline or after consecutive 
cycles. 
 
3.2.3 Stability analysis loading protocol 
 
  A loading protocol was devised to reflect the first weeks of activity in a post-
operative patient walking on flat ground. Due to the extensive bony deficits 
produced in this model and the use of an ETO it would be expected that the 
rehabilitation of such patients in the actual clinical context would include 
restricted weight-bearing for a period of 8 to 12 weeks. As a robust test of 
implant stability, the first loading increment was therefore commenced at the 
equivalent of x1 total body weight of the patient and was loaded for 1000 cycles. 
For standardisation purposes this was taken as 750N for an average 75kg 
patient.  
 
  A sinusoidal dynamic load with a frequency of 1Hz was produced using a 
hydraulic ‘Red Rocket’ loading machine (Howden Ltd., Leamington Spa, UK). 
The sinusoidal wave ranged between 750N and 350N. This lower force 
reflected muscle tension within the hip joint as well as the joint reaction 
forces.235 It was also needed to prevent dissociation of the load head from the 
femoral head during cycling. 
 
  The load was then incrementally increased until x2 total body weight or 
periprosthetic fracture occurred: 750-350N, 1000-350N, 1500-350N. In one 
instance the donor’s body weight was only 45kg so a starting force of 500-350N 
was used. In several tests the load was increased to 2000-350N. These forces 
were obtained using a load-cell for calibration and the resultant input values are 
shown in Figure 3.17. 
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Force (N) Load  Input 
 500 - 350 51.8 2.0 
750 - 350 52.3 3.5 
1000 - 350 53.0 6.0 
1250 - 350  53.6 8.5 
1500 - 350 54.4 11.0 
2000 - 350 56.0 17.5 
2500 - 350 57.8 25.0 
                                                        
Figure 3.17 Calibration of ‘Red Rocket’ hydraulic loading machine. The 
table shows the settings required for each load range. One donor weighed 
only 45kg and was first loaded at 500-350N. The image shows a load-cell 
under one of the six-station load heads. It was connected to a digital read-
out to allow precise calculation of the required input values.  
 
3.2.4 Data presentation and statistical methods 
 
  The data is presented in two main sections corresponding to the separate 
LVDT and RSA analyses. Tabulated LVDT data is presented illustrating the 
migration and micromotion for each transducer at each loading increment. The 
data presented has been limited to certain tables of interest, a comprehensive 
report of all LVDT data can be found in Appendix C.  
 
  Statistical analysis for the LVDT component consisted of categorising each 
load cycle into a stable or unstable outcome based on the threshold values of 
micromotion < 150µm and migration < 2mm. These were then analysed using a 
two-tailed Fisher’s exact test at the 95% confidence level (p <0.05). This was 
performed to establish a statistical difference in stability between the two stems. 
This test was selected as the outcome of interest was a binary variable: ‘stable’ 
or ‘unstable’. There were two groups of interest as two stems were being 
compared and the data obtained for each group was independent of the other.  
 
 All migration data for each of the separate LVDT recordings was then ranked 
and analysed by a two-tailed Mann-Whitney U test (Wilcoxon Rank sum test) at 
the 95% confidence level. This allowed for comparison of overall movement 
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recorded by the three LVDTs and assessment of statistical difference between 
the two stem designs. This test is used under similar conditions to the Fisher’s 
exact test but is performed for numerical data. Again there were two groups of 
interest, outcomes in each was independent of the other and the motion data 
was not Normally distributed.  
 
  The RSA data was divided into two parts, one for the segment motion analysis 
and one for the point motion analysis. Segment motion compared relative 
movement of the stem and bone segments. It provided x, y and z-translation 
data as well as rotation about these axes. This information is tabulated for each 
bone and compared each loading cycle: 750-350N, 1000-350N, 1500-350N with 
the baseline produced before any cycling was performed.  
 
  These cycles were also compared to the preceding load cycle to determine 
movement between increments. For example, movement between the 1000-
350N and 750-350N cycles was compared and between the 1500-350N and 
1000-350N cycles determined as well as all cycles with baseline. For simplicity 
each load cycle will now only be referred to by its maximum value i.e. the 1000-
350N load cycle will now be termed the ‘1000N’ cycle.    
 
  PM data was presented to show the movement of each of the three stem 
markers (201, 202 and 203) in the x, y and z-direction. Mean translation for 
each point over these three vectors is presented as well as the mean for all 
three points in a given direction: x, y or z. Additionally MTPM data was 
presented to illustrate which of the three stem points moved the greatest 
distance during the comparison test. Similarly to the SM analysis, the 750N, 
1000N, and 1500N cycles were all compared to the baseline. 
  
  As the data was again categorised into either stable or unstable the RSA 
statistical analysis similarly included a two-tailed Fisher’s exact test for stability 
comparison of the two stems. A two-tailed Mann-Whitney U test at the 95% 
confidence level was again used to make several comparisons between the two 
data sets. This test is used for 2 groups of non-parametric data and was 
selected for the same reasons as given earlier. The data for absolute difference 
(AbsDiff) from the point motion analysis was compared for the two stems. This 
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was an important figure as it combined each of the individual point motion 
translations into an overall translation for the stem for that given load cycle. This 
value was taken for each load cycle and compared between the two stems.   
This process was repeated looking at just the y-rotation data in isolation as this 
was of particular interest to the study hypothesis. 
 
  Threshold values for migration and micromotion were set as previously stated 
and were used to analyse LVDT data and RSA translations. In contrast, data for 
rotations about the x-, y- and z-axes had to be interpreted as distances moved 
by the surface of the stem in each plane. This allowed for comparison to the 
migration figure of 2mm. This was calculated from the equation below revealing 
that rotation greater than 14.3o for the largest stem (16mm) and greater than 




πd x Α/360 = M 
 
πd = circumference of a circle (mm) ie stem outer circumference 
A = angle of rotation (taken as fraction of 360o) 
M = movement (mm) ie proportion of complete circumference moved by a point 
on outer surface of stem for a given angle of rotation 
 
 
Angle of rotation equal to 2mm migration: 
 
(i) Smallest stem (13mm Redapt)  (ii) Largest stem (16mm) 
πd x Α/360 = M    πd x Α/360 = M    
π.13 x Α/360 = 2    π.16 x Α/360 = 2 
A = 720 / (π.13)    A = 720 / (π.16) 
A = 17.6o     A = 14.3o  
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  Stability data is presented to three decimal places and is given in millimetres, 
rotations are in degrees. All statistical analyses were performed using Prism 
version 6 (GraphPad, La Jolla, CA, USA) and plotted as bar graphs of mean 
and standard deviation. A sample size calculation using Open Epi version 
2.3.1236 is also presented later in 3.3.3. 
 
3.2.5 Overview of study workflow 
 
  Once the bones were potted, as described in Chapter 2, each was statically 
loaded to obtain the ‘intact’ strain values. Implantation was then performed, first 
with the Redapt stems, in one of each pair of femora. Post-implantation the 
tantalum beads were glued to the medial cortex and stem as previously 
described. Holes were then drilled and Schanz screws fixed for mounting the 
LVDTs with each checked to ensure the probe tip moved freely against the 
stem surface. The potted specimen with Schanz screws attached was then 
radiographed for the RSA baseline recording.   
 
  The first cyclical loading cycle was performed at 750N after which a post-cycle 
RSA radiograph was obtained. This was repeated similarly for the 1000N and 
1500N cycles with an RSA radiograph taken after each cycle. On completion of 
testing, providing no fracture had occurred, the specimen was then statically 
loaded to obtain photoelastic strain values for the operated femora. The process 
was then repeated once the matched pair of each femora was implanted with a 
Restoration stem. On conclusion of testing all ‘surviving’ femora were sectioned 
distal to the stem tip with anteroposterior and lateral radiographs taken for the 










3.3 Results  
3.3.1 LVDT data 
 
  Examples of some of the significant LVDT results have been included here. A 
comprehensive list of all LVDT data can be found in Appendix C. 
 
3.3.1.1 Specimen identification: NY 326 
 
• REDAPT stem 
 
  The anteroposterior LVDT recorded the largest migration which was -0.34mm 
on completion of the 1500-350N cycle. This corresponded to movement of the 
tip posteriorly i.e. movement away from the probe tip. Regarding micromotion, 
during loading at 1000N and 1500N the AP transducer recorded 0.15mm and 
0.19mm respectively. Both these values were greater than the accepted level of 
0.15mm (150µm) and are highlighted by the shaded boxes in Table 3.1. 
 
Table 3.1 LVDT stability data for NY 326 in presence of Redapt stem 
 
 Stability (mm) 750 - 350N 1000 - 350N 1500 - 350N 
ANTERO-
POSTERIOR 




(-0.057 to  
-0.065) 
0.152 
(-0.05 to  
-0.202) 
0.194 




Migration 0.003 -0.05 -0.008 
 Micromotion  
(Range) 
< 0.001 
(0.003 to  
0.004) 
0.003 
(-0.05 to  
-0.053) 
0.119 
(-0.008 to  
-0.128) 
AXIAL Migration 0.012 -0.03 -0.042 
 Micromotion  
(Range) 
0.003 
(0.012 to  
0.015) 
0.004 
(-0.03 to  
-0.034)  
0.05 




• RESTORATION Stem: 
 
  The contralateral femur from this donor pair was implanted with the 
Restoration stem. In this case migration was greatest in the axial direction 
(0.56mm) which was more than ten-times the value recorded by the Redapt 





Table 3.2 LVDT stability data for NY 326 in presence of Restoration stem 
 











(-0.001 to  
-0.003)  
0.001 
(0.002 to  
0.003) 
0.005 




Migration -0.001 -0.002 <0.001 
 Micromotion  
(Range) 
0.003 
(-0.001 to  
-0.003) 
0.003 
(-0.002 to  
0.001) 
0.003 
(<0.001 to  
0.003) 
AXIAL Migration -0.115 -0.14 -0.558 
 
 Micromotion  
(Range) 
0.015 
(-0.115 to  
-0.13) 
0.026 
(-0.14 to  
-0.166)  
0.087 












3.3.1.2 Specimen identification: MI 709 
 
• REDAPT stem 
 
  For bone MI 709 containing the Redapt stem, maximal motion was recorded 
by the axial transducer, which measured a migration of 0.36mm during the final 
loading cycle. During this cycle, micromotion was 0.28mm which was greater 
than the level 0.15mm set for acceptability. Negligible motion was captured by 
the other two LVDT’s. The significantly abnormal value for micromotion is 
highlighted in Table 3.3 below. 
 
 
Table 3.3 LVDT stability data for MI 709 in presence of Redapt stem 











(0.021 to  
0.022)  
<0.001 
(0.039 to  
0.04) 
0.005 




Migration 0.004 0.032 -0.006 






(0.032 to  
0.035) 
0.006 
(-0.006 to  
0.012)  




 Micromotion  
(Range) 
0.004 
(-0.05 to  
-0.053 
0.051 
(-0.095 to  
-0.146)  
0.228  










• RESTORATION stem 
 
  A large spiral periprosthetic fracture was sustained on implantation of the 
Restoration prosthesis in the other femur of this donor pair. This might have 
occurred as the bone was templated to fit a size 13mm stem however the 
smallest diameter Restoration stem was 14mm. This fracture resulted in 
catastrophic failure when loaded at 1500N (Table 3.4). The implant was stable 
prior to failure as defined by the agreed criteria. 
 
 
Table 3.4 LVDT stability data for MI 709 in presence of Restoration stem 
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Migration 0.027 0.014 
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3.3.1.3 Specimen identification: AZ 721 
 
• REDAPT stem 
 
  Significant levels of micromotion were recorded by the axial transducer for the 
1000N, 1250N and 1500N cycles despite minimal movement in either of the 
other two LVDT’s.  These results were spurious arising from the load head 
contacting the axial Schanz screw causing inaccurate displacement to be 
recorded. This was rectified for the final measurement at 2000N, which then 
measured negligible micromotion. This is explained in greater detail in the 
discussion (3.4).  The data recorded by this LVDT has not been included in the 
overall analysis. Comparison with the Restoration stem was not possible 
because of a large periprosthetic fracture during implantation.  
 





































































































3.3.1.4 Pattern of stability: axial migration (subsidence) 
   
  An example of the pattern of subsidence encountered in this study is shown in 
Table 3.18. This is taken from the Redapt stem implanted in donor VA 262 and 
comes from the data recorded by the axial LVDT. This was chosen as it was the 
transducer with the greatest movement in the majority of cases, and shows the 
subsidence of the prosthesis in the surrounding bone. This line plot illustrates 
the increase in axial migration seen under increasing load. From the example 
provided it is clear that movement was negligible at the 750N and 1000N cycles 
after which there was a marked increase for the 1500N cycle. It is also evident 
that subsidence rapidly stabilised for the first two cycles. In contrast, the 1500N 
cycle exhibited ‘large’ initial movement which appeared to plateau during the 






Figure 3.18 Pattern of axial subsidence under increasing load cycles for 














































































































Data sampled at 50Hz 






3.3.1.5 Summary and statistics of LVDT findings 
 
  All tests achieved stability when loaded at the equivalent of x1 total body 
weight. There were also no cycles where migration exceeded the threshold of 
2mm for either prosthesis. In contrast, there were 4 loading cycles where 
micromotion exceeded 150µm and these occurred in three bones each of which 
contained the Redapt prosthesis. For Bone NY 326 this occurred in the AP 
transducer where micromotion was recorded at 152µm and 194µm during 
cycling at 1000N and 1500N respectively. The axial transducer for bone MI 709 
recorded micromotion of 228µm during the final loading of cycle 1500N. Finally, 
TN 053 was found to have a micromotion of 153µm in the AP transducer at 
750N but was also known to have a large periprosthetic fracture from the time 
of implantation.  
 
  A Fisher’s exact test looking for a difference in stability between the two stems 
did not find a statistically significant difference, p=0.11. Table 3.6 illustrates how 
the p value was calculated with each load cycle categorised into the binary 
outcome of stable or unstable.  
 
 
Table 3.6 Contingency table used for the calculation of p value  
  Stable Unstable Total 
Redapt 20 4 24 
Restoration 22 0 22 
Total 42 4 46 
   p = 0.11 
 
 
  The migration data for each test was collated to provide overall information on 
the pattern and extent of movement of each stem by each of the LVDTs. This 
data was then further analysed to look for statistically significant difference in 
results using a two-tailed Mann Whitney U test at the 95% confidence level. The 
graphical results of this data have been plotted as bar graphs showing the 




Figure 3.19 Bar plots of mean and standard deviation for LVDT data. Total 
migration captured by each of the LVDTs is represented in each of the bar 
plots. Data for each load cycle was collated to show overall movement in 
the anteroposterior, varus-valgus and axial planes.   
 
  From this data it is apparent that the tip of the Redapt stem tended to move 
posteriorly resulting in negative values obtained by the transducer. The opposite 
was true for the Restoration stem. This difference in movement resulted in the 
only statistically significant p value (p = 0.0004) when compared by Mann-
Whitney U test. Comparison of varus-valgus movement illustrated that the 
Redapt stem had an overall greater mean motion and range of motion with a 
larger standard deviation. Both stems had negative values recorded indicating 
movement of the stem tip away from the transducer in a varus direction. Despite 
these differences a non-significant p-value of 0.087 was obtained. Finally, 
comparing axial movement the pattern was reversed with the Restoration stem 
having the greater mean and spread of movement. This did not achieve 
































































3.3.2 RSA results – segment motion and point motion analysis 
 
    Illustrative examples of some of the RSA results have been included here to 
explain the data generated and highlight any significant results obtained. As 
detailed previously, translations are given in millimetres and rotations in 
degrees. A comprehensive list of all RSA data can be found in Appendix D. 
These tests were performed on the same specimens as had been cyclically 
loaded for the LVDT analyses as explained in the section on study work-flow 
(3.2.5). RSA radiographs were taken at baseline immediately post-implantation 
and on completion of each load cycle. All LVDT and RSA data was collected on 
the same day of experimentation.  
 
3.3.2.1  Specimen identification: FL 914 
 
• REDAPT Stem 
 
  Segment motion (SM) analysis revealed that the largest rotation was 1.7o 
when the 1500N cycle was compared to baseline (Table 3.7). For the same 
comparison the largest translation was -0.55mm in the Z-axis. Point motion 
(PM) analysis determined the relative movements of each of the three stem 
markers after successive load cycles. The mean movement of each point ID 
(201, 202 and 203) for a given comparison examination is presented in Table 
3.8. As detailed above, the MTPM is the translation of whichever of the stem 
markers has moved the furthest following a loading event.   
 
Table 3.7 Segment motion analysis for FL 914 (Redapt). Key: Rot = 
rotation, Trsl = translation along axis, ME Ref = mean error for the 
reference segment values, ME Cur = mean error for the comparison 
(‘current’) segment. Units: rotation = degrees, translation = millimetres.  
 
Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 -1.160 0.000 0.080 0.022 -0.064 0.008 0.018 0.204
Baseline -1000 -1.490 -0.330 0.100 -0.069 0.010 -0.199 0.042 0.221
Baseline -1500 -1.710 -0.370 -0.010 0.034 0.010 -0.547 0.064 0.231
750 -1000 -0.330 -0.330 0.030 -0.091 0.074 -0.206 0.027 0.038
1000 -1500 -0.110 0.100 0.030 -0.042 -0.009 -0.230 0.028 0.046
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Table 3.8 Point motion analysis for FL 914 (Redapt). ID = identification 
number of stem marker, Diff = difference i.e. movement in mm after load 
cycle compared to baseline measurement, Abs Diff = the length of the 
translation, MTPM = maximum total point motion, the length of translation 
for the point that has the greatest movement ie the largest value in the 






  There was overlap in the information presented by the two RSA analyses. The 
mean motion of each of the three stem markers formed both the x, y and z axis 
translations of the SM analysis and the mean x, y and z translation data of the 
PM analysis. This can be seen as duplicated data presented in both tables. The 
PM analysis however showed the relative movement of the individual points and 
their contribution to the total overall motion. MTPM analysis confirmed that all 













Baseline 750 201 0.097 -0.046 -0.327 0.344
Baseline 750 202 -0.126 -0.238 0.587 0.646
Baseline 750 203 0.095 0.092 -0.236 0.271
Mean values, 
MTPM
0.022 -0.064 0.008 0.421 0.646 0.018
Baseline 1000 201 0.074 -0.010 -0.497 0.503
Baseline 1000 202 -0.213 -0.212 0.448 0.540
Baseline 1000 203 -0.067 0.251 -0.547 0.605
Mean values, 
MTPM
-0.069 0.010 -0.199 0.549 0.605 0.042
Baseline 1500 201 0.243 -0.075 -0.896 0.932
Baseline 1500 202 -0.179 -0.149 0.204 0.309
Baseline 1500 203 0.038 0.255 -0.948 0.983
Mean values, 
MTPM
0.034 0.010 -0.547 0.741 0.983 0.064
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3.3.2.2 Specimen identification: MI 709  
 
• REDAPT stem 
 
  Axial migration (‘y-axis translation’) by segment motion analysis was 3.54mm 
when comparing baseline values with completion of loading at 1500N. The stem 
was therefore unstable during this cycle. Movement in the other axes was 
otherwise negligible (Table 3.9). Point motion analysis confirmed the significant 
axial migration recorded after loading at 1500N. The total translation of the stem 
on completion of the cycle at 1500N was 3.56mm (Table 3.10).  
 
Table 3.9 Segment motion analysis for MI 709 (Redapt) 
 
 
Table 3.10 Point motion analysis for MI 709 (Redapt) 
 
Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 0.010 0.250 -0.050 0.112 -0.019 -0.052 0.020 0.097
Baseline -1000 0.090 0.110 -0.020 0.075 -0.026 -0.107 0.019 0.107
Baseline -1500 0.290 0.380 -0.100 -0.331 -3.537 0.052 0.018 0.010
750 -1000 0.080 -0.140 0.030 -0.038 -0.007 -0.055 0.019 0.030









Baseline 750 201 0.125 -0.023 0.091 0.156
Baseline 750 202 0.051 -0.024 -0.058 0.081
Baseline 750 203 0.161 -0.008 -0.189 0.248
Mean values, 
MTPM
0.112 -0.019 -0.052 0.162 0.248 0.020
Baseline 1000 201 0.056 -0.069 0.009 0.090
Baseline 1000 202 0.023 -0.051 -0.107 0.121
Baseline 1000 203 0.145 0.043 -0.223 0.269
Mean values, 
MTPM
0.075 -0.026 -0.107 0.160 0.269 0.019
Baseline 1500 201 -0.225 -3.563 0.257 3.579
Baseline 1500 202 -0.374 -3.542 -0.125 3.564
Baseline 1500 203 -0.394 -3.505 0.026 3.527
Mean values, 
MTPM
-0.331 -3.537 0.052 3.557 3.579 0.018
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3.3.2.3 Summary and statistics of RSA findings 
 
    In total there were 15 load cycles involving the Redapt stem and 17 with the 
Restoration that were analysed using RSA. For all analyses there was only one 
unstable result and this involved the Redapt stem (MI 709) as detailed above. 
The stem axially migrated 3.52mm between the conclusion of the test at 1000-
350N and the end of the final cycle at 1500-350N. A two-tailed Fisher’s exact 
test was performed at the 95% confidence level and found no significant 
difference in stability between the two groups (p=0.47). The contingency table is 
illustrated below (Table 3.11). All stem rotations were well within the 14.3o – 
17.6o range established in section 3.2.4. 
 
 
Table 3.11 Contingency table for calculation of Fisher’s exact test 
 
  Stable Unstable Total 
Redapt 14 1 15 
Restoration 17 0 17 
Total 31 1 32 
    
  The data for Mann-Whitney U test comparisons is shown in Table 3.12. It is 
evident that there was no statistical difference in either of the motion 
characteristics of the two stems. This data is also shown graphically in Figure 
3.20. For overall stem migration, the Redapt stem appeared to have a greater 
mean and standard deviation than the Restoration, although this was well within 
the 2mm threshold set. The situation was reversed for the y-rotation sub-
analysis with the Restoration having greater mean and SD however this did not 
reach statistical significance either. 
  
Table 3.12 Mann-Whitney U test p values for RSA stability data 
 
RSA analysis method Stability parameter P Value 
Point motion analysis Overall translation (‘AbsDiff’)  0.28 





   (A)      (B) 
Figure 3.20 Bar plots of mean and standard deviation from RSA data. 
These plots illustrate the difference in mean and standard deviation 
between the two stems. (A) Shows a comparison in the data obtained for 
each overall translation of the stem with each load cycle. This 
corresponded to the AbsDiff value in the PM analysis. This value is 
calculated from from the mean x-, y- and z-axis translations for each of the 
three markers defining the stem. (B) Is a comparison of the y-rotation data 
obtained in the segment analysis.  
 
3.3.2.4 Combined stability outcome (LVDT & RSA) 
 
  Combining the data from the LVDT and RSA analyses it was established that 
there were 5 tests involving unstable Redapt prostheses and none where the 
Restoration was used. This equated to an overall stability of 85% for the Redapt 
system and 100% for the Restoration stem. A two-tailed Fisher’s exact test was 
performed at the 95% confidence level and calculated a p value of 0.0545 which 
was just outside the level of significance (p<0.05). 
 
 
Table 3.13 Overall stability data combining LVDT and RSA analyses 
Data analysed Stable Unstable Total % Stability 
Redapt 34 5 39 85 
Restoration 39 0 39 100 













































3.3.3 Sample size estimation 
 
  As many of the comparisons failed to achieve statistical significance it was 
necessary to ensure that the study had sufficient power. A sample size 
calculation was retrospectively performed using data from a paper by Claes et 
al.237 This paper was very similar to the work presented here as it compared the 
stability of two contrasting hip stem designs in six paired cadaveric femora. 
Furthermore, it used the same model LVDTs as used here and presented data 
from a load cycle performed at 1600N. One of the LVDTs recorded a mean 
migration of 6.3µm (SD 2.3µm) for the Weber Shaft stem (AlloPro, Baar, 
Swizerland) and mean 10.5µm (SD 8.8µm) for the Option 3000 stem (Mathys 
Orthopaedics, Bettlach, Switzerland). 
 
  These values were inputted into an on-line statistical calculator ‘Open Epi’ 
version 2.3.1215 to calculate sample size based on the difference in the two 
means. This was performed at a two-sided confidence interval of 95% and 
power of 80%. The results are shown in Figure 3.21 and indicate that a sample 
size of 37 was required in each group. 39 recordings were obtained for each 
stem when the LVDT and RSA data was combined suggesting that the study 




Figure 3.21 Result of sample size calculation method using difference in 
two means236 
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  This result was further validated by performing a power calculation based on 
data recorded by this study. For this purpose the same on-line calculator was 
used236 and data for movement recorded by the anteroposterior LVDT was 
employed. The mean and standard deviation for each stem was used as 
illustrated in Figure 3.22. This revealed a requirement of 24 sample recordings 
for each stem to provide a sufficient power of 80%.  This was achieved in the 
LVDT comparisons as well as when data from the LVDT and RSA analyses 
were combined. However, the RSA comparisons only featured a sample size of 
15 for the Redapt and 17 for the Restoration so were insufficiently large enough 




Figure 3.22 Sample size calculation for data taken from the 
anteroposterior recording LVDT in this study. Group 1 is data recorded for 
the Redapt stem and Group 2 the Restoration. A sample size of 24 




  The aim of this study was to examine the primary stability of two contrasting 
revision stem designs using micromotion transducers and radiostereometric 
analysis. The hypotheses were that the two implants would have similar stability 
characteristics but that the investigation stem ‘Redapt’ would have superior 
rotational stability due to its new flute configuration. The ‘control’ stem was 
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selected as it had well-documented clinical success65, 182 and might be 
considered the current ‘gold standard’ in revision cases involving severe 
proximal bony deficits. 
 
    A recent study by Holt et al.182 followed 46 consecutive patients for a mean of 
42 months who had been revised using the Restoration cone / conical system. 
They found a statistically significant (p=0.003) improvement in Harris hip score 
at three months from 42 points to 28 points. Mean stem subsidence was 1mm 
with no patients developing loosening or osteolysis. The work presented here 
compares favourably with a mean axial stem subsidence of 0.1mm for the 
Redapt stem and 0.17mm for the Restoration.  
 
  A paper by Restrepo et al.65 followed up 118 patients who underwent 122 
surgeries involving the Restoration prosthesis. Their cohort differed from the 
work presented here as the majority of cases were of lower Paprosky 
classification type68: sixty-nine hips were Type I, 35 were Type II, only 17 were 
Type III, and one was Type IV. They found that distal bone ingrowth fixation 
was obtained in 100% of the patients and that stability was achieved in 97% by 
radiographic analysis. The work presented here again compares favorably with 
100% stability with the Restoration stem and 85% with the Redapt.  
 
   As detailed previously this difference did not achieve statistical significance by 
Fisher’s exact test. The results obtained here are also comparable with the 
wider literature as summarised in Table 3.14 which is adapted from work by 
Patel et al.17 This work showed a range of 80-100% survival at an average of 3 
years when the outcome from 296 revisions using 5 different stem types was 









Table 3.14 Literature comparison for revision implant survival, adapted 
from Patel et al.17 This table does not include revisions performed for 
infection. NA denotes data which was ‘not available’. 
 








Kwong et al.27 Link MP 143 3.3 (2.0-6.0) 3/143 (2.1%) 97.9 
Sporer et al.202  Link MP & ZMR 5 2.0 (1.0-4.0) 0/16 (0%) 100 
Murphy et al. 
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Link MP 35 3.6 (2.0-NA) 7/35 (20%) 80 
McInnis et 
al.239  
Press-Fit Modular 70 3.9 (2.0-5.3) 3/70 (4.3%) 95.7 
Patel et al.17  T3 & Restoration 43 2.4 (2.0-5.6) 4/43 (9.3%) 90.7 
 
 
  Statistical analysis of the LVDT data found a difference in the transducer 
values measuring AP motion but not in either of the other two. Similarly, the 
RSA data for point motion analysis (total stem translation per load) and 
segment motion analysis (y-rotation per load) did not find a statistical difference. 
Overall, the Restoration stem did appear to have marginally improved stability 
characteristics however this was not borne out in the statistical analysis. Failure 
to achieve statistical significance potentially arose because of the inadequate 
sample size of these sub-analyses especially for the RSA data. This would 
result in insufficient statistical power as illustrated in the preceding section. 
 
  As regards the second study hypothesis of rotational stability, y-rotation 
(‘toggle’) from the segment analysis was assessed individually. From the results 
obtained it appeared that the Redapt stem produced lower mean, spread and 
overall quantity of rotation. This was not significant, p = 0.52, again suggesting 
that the study design lacked sufficient power to demonstrate a statistical 
difference.  
 
  The methods described in this study are similar to those that have been used 
elsewhere. The technique of using Schanz screws to mount the LVDTs was 
adapted from Bieger et al.137 who had evolved the method from others.237, 240 
The study by Claes et al.237 which used LVDTs similarly used six paired 
cadaveric femora as well as cyclical loads up to 1600N. There are very few 
RSA studies involving revision hip replacements and many of these concern 
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stability of the acetabular component241 or stem stability with impaction 
grafting.200, 242 However, it has been shown that RSA can be predictive of 
implant failure243 and some suggest its routine use in the validation and 
screening of new implants.131, 244  
 
  The findings from this study are important as numerous studies have shown 
early migration to be predictive of late aseptic failure.117-124 As detailed in 
Chapter 1 there is no universal agreement on what figure most accurately 
predicts late failure. In the clinical context stability is multifactorial and is 
affected by a number of patient and operation factors. These include the quality 
of pre-existing bone stock and morphology,18, 19, 68 patient mobility,245 implant 
biomechanical properties185, 186 as well as the accuracy of the methods for 
measuring migration.125, 129, 131, 132 It is probable that these interactions will 
prevent ascribing a single prescriptive figure to stability and instead a range will 
remain. 
 
  Using a radiographic method, Freeman et al. measured migration in a 
cemented and uncemented primary femoral stem for up to nine years post 
operation.117 They identified that a migration of 1.2 mm/year during the first two 
years post-implantation was predictive of hips likely to require revision 
(specificity of 86%, sensitivity 78%).117 Using radiostereometric analysis, 
Karrholm identified a 50% failure risk if the implant had subsided by more than 
1.2 mm within the first two years which increased to 95% if a threshold of 2.4 
mm was exceeded.118 Krismer et al.121 used EBRA-FCA (Einzel-Bild-Roentgen-
Analyse, Femoral Component Analysis)125 as a method for determining implant 
migration. The authors identified a threshold value of 1.5 mm after two years as 
predictive for an implant requiring revision for aseptic loosening (sensitivity 
69%, specificity 80%). 
   
  There has been much published on the migratory curves of successful and 
unsuccessful stems with several different patterns identified.109, 121, 246 However, 
this remains a contentious subject with Mjöberg’s postulation that late migration 
does not exist but was late detection of early migration.247 It was his opinion that 
migration occurred because of a lack of primary osteointegration resulting from 
thermal necrosis during intraoperative polymerisation of bone cement. In effect 
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migration started in this immediate post-operative phase but was not detected 
until late on.  
 
  The study by Donnelly et al.246 compared four stems with different methods of 
fixation. The cemented and hydroxyapatite-coated stems showed a mean rate 
of migration of 0.3 mm / year for two years, and 100% survival at five to six 
years. In contrast, both the smooth and ridged titanium-alloy-coated pressfit 
stems had greater mean rates of migration of 0.8 and 0.6 mm / year, 
respectively, with lower survival rates of 86% and 92%. 
 
  A paper by Krismer et al. identified four separate patterns of subsidence and 
confirmed that early measurement of migration was an accurate method of 
predicting long-term outcome.121 This study reported the 10-year follow-up 
results of three stem designs in 240 total hip replacements using EBRA-FCA a 
form of radiographic analysis. They found that 108 (68%) remained stable 
throughout the study period, and five (3%) started to migrate after a median of 
54 months. Initial migration of at least 1 mm was seen in 45 stems (29%) during 
the first two years, but these were then seen to become stable. The four 
patterns of stability are shown in Figure 3.23. 
  
Figure 3.23 Four patterns of stem migration identified by Krismer et al.121 
(A) Corresponded to early onset migration followed by continued 
subsidence (n = 12), (B) early onset subsidence with subsequent 
stabilisation (n = 33, 1%), (C) initial stability with late onset of subsidence 
(n = 5), (D) stability throughout the period of observation (n = 108, 68%). 
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3.4.1  Study Limitations 
 
  LVDTs were an accurate means of measuring micromotion but it was vital that 
any movement at the stem-bone interface was transferred to the probe tip with 
no added movement. This meant that the Schanz screw had to achieve a firm 
unicortical hold and that the probe of the LVDT moved freely in the drill hole. On 
one occasion the screw was made bicortical to improve its stability however this 
resulted in weakness and premature failure in the bone (Figure 3.24). The initial 
drilling technique involved using a drill-bit of similar diameter to the probe tip. 
This occasionally led to slight friction so a larger bit was employed for smoother 
movement. This was also improved by ensuring that the drill holes were parallel 
which was assisted by use of the drill guide.    
 
 
Figure 3.24 Catastrophic failure resulting from bicortical Schanz screw 
placement 
 
  A further problem with the LVDT method was contact of the Red Rocket load 
head with the axial LVDT causing considerable inaccuracy. This was an issue 
for the Redapt stem in bone AZ 721 which lead to spurious results as detailed 
previously (3.3.1.3). To prevent this from happening an extension polyethylene 
load-piece was made, a narrower distal piece to the fixture was used and the 




Figure 3.25  Illustration of load-head impinging on axial LVDT 
 
 
Figure 3.26 Improvements made to avoid contact with axial transducer  
 
  Finally, the LVDT protocol initially included mounting two transducers around 
the femoral neck to record axial rotation of the prosthesis (Figure 3.27). During 
loading the bending effect on the proximal femur caused great inaccuracy as 
the probe tips moved circumferentially around the curved surface of the bone. 
Furthermore, the transducers were not mounted parallel which further 
compromised the validity of any data recorded. Attachment of the jig to the 
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femoral neck without additional movement was an added complication given the 
different cross-section of the two designs.  
 
Figure 3.27 Illustration of initial study design which included two LVDTs 
mounted around femoral neck to measure toggle 
 
  The main problem with the RSA technique was marker and stem placement. 
Concerning the former, there were instances where stem markers were 
obscured and had to be repositioned. Similarly, additional bone markers had to 
be introduced if there were less than three visible. As mentioned previously, 
bone-marker placement was improved by gluing these to the PE coating on the 
medial surface of the bone. Concerning the latter, there was an instance where 
the stem obstructed too many of the reference ‘fiducial’ markers in the 
calibration grid to allow for measurements to be taken. 
 
  Comparing the two stability techniques each had their pros and cons. 
Regarding LVDT set-up it took a great deal of time to drill the holes precisely, 
accurately tighten the transducer to its fixture and gain familiarity with the 
operating software. Data capture, analysis and export in contrast was 
straightforward. As regards the RSA method, affixing the marker beads was a 
much quicker process and taking, storing and transferring the radiographs was 
relatively simple. In contrast, the method of radiograph analysis with 
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identification of reference, stem and bone markers was time-consuming and 
comprehension of kinematic analysis of SM and PM analysis was initially 
complex. 
 
  The use of LVDTs has the main advantage of providing real-time data 
recording with 50 measurements taken every second. This allows for a more 
accurate impression of migration over the load cycle as well as allowing for an 
estimation of micromotion additionally. In contrast, with radiographs taken only 
at the end of each cycle RSA can only provide migration data. However, 
whereas RSA can be used in a real clinical context LVDTs are reserved for in-




  Primary stability of revision prostheses is important to ensure their long-term 
success. This work has used the combined methods of micromotion 
transducers as well as radiostereometric analysis to assess migration and 
micromotion in two contrasting revision stem designs. The main study 
hypothesis was accepted with the two stems resulting in similar overall 
stability with no proven statistical difference. The second study 
hypothesis of improved rotational stability from the Redapt investigation 
stem was rejected as although it did appear to have superior rotational 
stability this did not achieve statistical significance. Both designs achieved 
stability commensurate with their expected clinical efficacy when used in 











Chapter 4: A financial analysis of revision hip 




  It is widely accepted that revision hip arthroplasty has now become a 
significant socio-economic consideration for the orthopaedic community.1 In 
2000 the total cost associated with revision surgery carried out within the NHS 
exceeded £60 million.14 In 2007, the national tariff reimbursed Trusts between 
£6000-12000 per revision procedure according to the indication and expected 
cost associated with the operation.248 A non elective revision total hip procedure 
such as for a peri-prosthetic fracture was reimbursed at £5968 and an elective 
revision for infection was £12214.248  
 
  According to the 9th Annual Report of the National Joint Registry (NJR) 80,314 
hip procedures were entered into the registry during 2011.10 Of these, 8,639 
were revision procedures producing a revision burden of 11%. This was an 
increase from 9% in 2009 indicating a rising demand for this surgery which has 
also been recognised outside the UK.249, 250 Although initially intended for older 
patients current trends suggest an increased number of joint replacements in 
the younger population which has contributed to this rise.47, 251, 252 Of further 
concern is the recent passing of the Health and Social Care Act (2012). This 
has created uncertainty over how services will be paid for and if further 
spending cuts are to be expected.253  
 
  Revision surgery is more complex than primary joint arthroplasty and is 
associated with a poorer prognosis and higher risk of failure.16, 17 The presence 
of bone and soft tissue defects makes the surgery technically challenging and 
the loss of tissue planes gives rise to higher complication rates. Several studies 
have shown that hospital resource utilisation and cost for revision total hip 
replacement is substantially greater than for primary replacement operations. 
Patients with revision operations had longer operative times and hospital stay, 
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higher hospital charges and more expensive implants were used. It is also clear 
that revision hip replacements are less profitable for hospitals.16, 49-55 
 
  There has been an increase in literature on the subject of health economics in 
total hip replacement (THR). One study showed from 1993 to 2002 there were 
70 economic evaluations of THR published in the English literature compared to 
only 10 in the preceding decade.48 Several studies have shown that the hospital 
costs of revision THR is greater than that for primary THR.16, 49-53 However 
these studies treat revision total hip surgery as one homogenous group, 
overlooking the fact that revisions are carried out for a variety of indications. 
 
  A further shortcoming of these studies is failure to provide a robust sub-
analysis of the treating hospital. It might be expected that a tertiary referral 
centre which has a large volume of revision surgery, may have an efficient 
multidisciplinary patient pathway. In contrast, a smaller district hospital 
managing fewer cases might have longer in-patient admissions, a higher 
complication rate with increased need for readmission and higher associated 
costs. A further consideration is the unit specialising in e.g. revision for chronic 
infection where the overall costs to this facility would be expected to be 
extremely high. These factors do not appear to have been definitively evaluated 
in the literature yet.  
 
  The purpose of this study was to evaluate the costs associated with the 
different indications for surgery in a large series of revision THRs. This analysis 
would then be compared with the national tariff figure in order to establish any 
shortfall between cost to the hospital and reimbursement. It was hypothesised 
that this surgery carried a significant financial burden and that 
reimbursement paid to hospital Trusts was inadequate.  
 
4.2 Patients and Methods  
 
  Clinical, demographic and economic data were obtained for 305 consecutive 
revision total hip replacements in 286 patients carried out at a single tertiary 
referral unit between December 1999 and January 2008. All procedures were 
carried out by three experienced hip surgeons. Any reoperation on a previous 
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primary total hip replacement for aseptic loosening, dislocation, peri-prosthetic 
fracture or deep infection was considered a revision procedure and was part of 
this study.  
 
  Clinical data included indications for revision, length of stay, operative time, 
estimated blood loss, type of acetabular and/or femoral component used, need 
for acetabular and/or femoral bone graft, use of antibiotic impregnated cement, 
cables and/or plates and any intra or postoperative complications.  
 
4.2.1 Financial analysis 
 
  Financial data reviewed included cost of implants, materials and augmentation 
utilised at time of surgery, operating room costs, recovery, inpatient stay, 
physiotherapy, occupational therapy, pharmacy, radiographs and laboratory 
studies. Surgeon fees were not included and nursing costs were included in the 
inpatient stay. The cost of a 24-hour stay in a surgical bed was estimated at 
£400.254 
 
  The national tariff reimburses hospitals for each procedure performed, 
therefore no distinction was made as to whether a revision was one or two- 
stage. Where a patient had a two-stage procedure each stage was treated as a 
single revision, with the second stage labelled as an aseptic revision. Costs 
were calculated based on 2007/8 Payment by Results rates as this was 
applicable to the timeframe of this study.248 
 
4.2.2 Statistical methods 
 
 Statistical analysis was undertaken using the SPSS statistical package version 
16 (SPSS Inc. Chicago, Illinois); as the Bonferroni correction was employed not 
all analyses could be set to a significance level of p < 0.05. Cost data such as 
that analysed in this study typically follow a positively skewed distribution, 
however, it is necessary to analyse the arithmetic mean difference between 
each type of revision.255 Standard errors estimated by ordinary least squares 
are unstable for such data and confidence intervals may not achieve nominal 
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coverage. Therefore non-parametric bootstrap resampling (bias-corrected and 
accelerated) was used to obtain consistent 95% confidence intervals (CI). 
Because of the potential increases in coverage error as the interval tends 
towards 100%256 4000 bootstrap samples were used.  
 
  Bootstrapping is a simulation process, which can be used to estimate a 
parameter, such as a mean, and its associated confidence interval. The process 
involves taking many (in this case 4000) random samples of the same size as 
the original sample (in this case 305) by sampling with replacement, and 
estimating the mean from each sample. The distribution of these estimates 
provides the information required to estimate the true mean and its confidence 
interval.  
 
  In addition, the Bonferroni correction to the p-value was used to counteract the 
problem of obtaining spuriously significant results due to multiple comparisons. 
The correction was performed each time a multiple comparison or end-point 
was calculated. Such comparisons included pre-operative investigation, 
medicinal and implant costs between the different indication sub-groups. 
 
  A Wald test was performed to test for equality in group mean costs (p<0.05). 
This is a parametric statistical test which allows for a comparison within or 




  Patient demographics are shown in Table 4.1. The mean inpatient stay for 
aseptic and dislocation cases was significantly shorter than that for patients with 
deep infection and periprosthetic fractures 9.3 days (SD 8.6) and 9.1 days (SD 
4.2), respectively, versus 16.8 days (SD 22.3) and 17.1 days (SD 17.8), 
respectively; p < 0.001, by bootstrapping. Mean pre-operative tests and 
investigation costs were significantly higher in the deep infection cases at £988 
(SD 212), compared with £342 (SD 78), £369 (SD 161) and £394 (SD 143) for 
aseptic, dislocation and peri-prosthetic cases, respectively (p < 0.001, by 
bootstrapping analysis) (Table 4.2). 
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Table 4.1 Baseline clinical and demographic characteristics of patients 





Table 4.2 Operative and financial details. The remaining percentages of 
overall cost not presented in the table can be mostly accounted for by the 






Indication Aseptic Loosening Deep Infection Peri-prosthetic fracture Dislocation
Total (n, % of whole cohort) 194 (64) 76 (25) 24 (8) 11 (3)
Mean age (yrs) (Range) 67 (20 to 89) 62 (29 to 83) 76 (31 to 88) 79 (54 to 90)
Gender (n, %)
Women 129 (66) 43(58) 18 (75) 8 (72)
Men 65 (34) 31 (42) 6 (25) 3 (28)
Diagnosis (n, %)
  Osteoarthritis 133 (69) 35 (47) 19 (80) 6 (54)
  Inflammatory Arthritis 31 (17) 28 (38) 2 (8) 0 (0)
  Osteonecrosis 8 (4) 3 (4) 1 (4) 3 (28)
  Developmental hip 
dysplasia 
11 (5) 2 (3) 0 (0) 1 (9)
  Acute femoral neck fracture 11 (5) 6 (8) 2 (8) 1 (9)
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  Mean medicinal costs were also significantly higher in the infected cases, at 
£854 (p < 0.001, by bootstrapping analysis). Mean implant costs, although not 
statistically different between infected cases at £3345 and periprosthetic 
revisions at £3123 (p = 0.14), were greater than for aseptic cases at £2298 (p < 
0.001, by bootstrapping analysis). Table 4.3 provides a comparison of costs for 
femoral implants used; the total implant cost includes the cost of the femoral 
head, acetabular component and screws, use of cement and any intra-operative 
augments. 
 
Table 4.3 Estimated cost of implant 
 
Implant Estimated Cost (£) 
Furlong cemented JRI-Furlong (JRI Ltd) 750 
VerSys (Zimmer) 1000 
Furlong HAC JRI-Furlong (JRI Ltd) 1050 
Synergy (Smith & Nephew) 1115 
Echelon (Smith & Nephew) 1300 
Stanmore Custom prosthesis (Stanmore 
Implants Worldwide) 
1500 
DePuy Solution (DePuy) 2000 
Echelon HA (Smith & Nephew) 2195 
ZMR hip system (Zimmer) 2200 
Zimmer XL (Zimmer) 2200 
S-ROM (DePuy) 2800 




  The mean cost of aseptic revisions was £11897 (95% CI 10 895 to 13 755). A 
Wald test for equality in mean costs comparing between the groups according 
to the indication for revision gave strong evidence against this. The mean 
difference in cost between aseptic revision and deep infection was £10 040 
(95% CI 7136 to 15 733) and between aseptic revision and revision for peri-
prosthetic fracture was £6288 (95% CI 3468 to 12 374), which was statistically 
significant (p < 0.001, by bootstrapping analysis). 
 
  We also noted that the hips which were revised for infection (n = 18, 24%), 
dislocation (n = 3, 27%) and periprosthetic fracture (n =10, 48%) were more 
likely to develop a complication than those revised for aseptic loosening (n = 25, 
13%) (Table 4.4). The re-operation rate was also higher in these three groups 
than in the aseptic group (p < 0.04, by bootstrapping analysis). 
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25 (13) 18 (24) 10 (48) 3 (27) 
Total complications (n) 29 19 14 4 
Reoperation rate  
(n, %) 
8 (4) 48 (63) Including 
second stages 
4 (16) 1 (9) 
 
 
  Table 4.5 shows the change in reimbursement for revision THR from the 
period of study to the time of data collection.248, 257 In addition to the basic rate 
of compensation per procedure, each hospital is also eligible for a ‘top-up’ for 
providing this specialist service, and a variable market forces factor, which is 
particular to that hospital. The total cost to our hospital to carry out this work 
over the period of eight years was approximately £4.5 million. This equates to a 
shortfall of over £250 000 using the relevant PbR figures (Table 4.6), which, if 
averaged over the 305 cases, reveals a loss of £860 per case. 
 
  
Table 4.5 Comparison of Payment by Results (PbR) figures for 2007/8 and 
2010/11257 
 
  Admitted patient care tariff (£)  Outpatient tariff (£)  
  Elective Emergency First Attendance Follow-up 
PbR 2007/8 248 7,185 5,948 148 73 




Table 4.6 Identification of economic shortfall to hospital using PbR figures 
 






Total (£) Loss per 
case (£) 
Study (n = 305) 14,857.35   4 531 493.00  
PbR 2010/11257 8,152 1.320737 30 4 268 975.94  
Total    262 517.06 860.72 





  THR is recognised as being one of the most cost-effective interventions 
providing predictable improvements in pain and quality of life.258-260 In line with 
its clinical success, higher patient demands and a refusal to accept disability 
associated with arthritic joints has lead to an increased prevalence of THR in 
recent years.261, 262 In the United States between 1990 and 2002 the prevalence 
of THR rose by 50%.249 Projections for the next 25 years suggest the demand 
for this surgery will grow by 174%.46  
 
  Patients undergoing revision THR tend to be older, medically less fit, and with 
greater bone loss than those having primary THR.4, 83, 263 The revision surgery 
itself is more complicated, with the mean operating time 41% longer, the mean 
blood loss 160% higher, the complication rate 32% higher and the mean 
hospital stay longer.16 When one also considers that more complex and 
expensive implants are used, it is clear that hospital costs are considerably 
greater than for primary THR. 16, 49-53, 55, 264   
  
  This work supports previous studies which have shown revisions for infection 
to be associated with significantly greater hospital costs compared to revisions 
for aseptic loosening.265, 266 Peri-prosthetic fractures of the hip can be just as 
great a financial burden as infected cases. One study attributed these higher 
costs to the extensive inpatient emergency workup required,16 although implant 
costs, longer inpatient stay and increased complications267 also have a 
significant contribution.  
 
  The frequency of aseptic loosening found in this study is comparable to that 
reported in the NJR268 during the period under review (64% vs 60%). The 
dislocation rate was considerably less (4% vs 14%)268 and may reflect the 
experience of the surgeons in our cohort. These were the two least costly 
indications with the mean cost for aseptic loosening £11897 and £10893 for 
dislocation. For these indications there were sizable savings throughout the 
financial parameters, most notably from the reduced number of bed days 
resulting in a saving of £3000 (8 days) or more per procedure.  
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  It is important to note that this study used the PbR figures from 2007/2008, as 
they correspond to the period of the study. These rates have increased since 
then, as illustrated in Table 4.5, but still leave a substantial deficit. It has been 
calculated that approximately 80% of the cost of a primary THR is generated in 
the first two hospital days. The majority of this is produced in the operating 
theatre, with implant costs comprising the largest share.264 Although these are 
considerably higher in revision procedures for infection and peri-prosthetic 
fracture than in primary and aseptic revision procedures, they alone cannot 
account for all the increased costs, which are also generated by the increased 
hospital stays and complication rates. 
 
4.4.1 Financial Implications  
 
  Several studies from the United States have shown increasing discrepancy 
between hospital charges and reimbursement for primary total hip replacement 
and even more so for revision total hip replacement.51, 262, 269 Moreover, the 
tariffs for revision procedures do not reflect the actual additional costs over a 
primary hip replacement often resulting in financial losses to the hospital.16 
These losses are substantial enough to threaten the viability of the institutions 
that perform high volumes of revision total hip replacement. 49-52, 270 
 
  In the 1980s the United States saw the introduction of the Medicare 
prospective payment system whereby hospitals were reimbursed by fixed 
payment according to diagnostic group,49 with any shortfall borne by the 
hospital. In 2005, a similar system of ‘Payment by Results’ (PbR) was 
introduced into the NHS in England and Wales.271 The tariffs are derived 
nationally from cost data supplied by NHS Trusts. For example, unit costs for 
primary hip replacement in the U.K. ranges from £1650 to £13,350 with over 
90% of providers reporting costs between £4000 and £8000.272 This results in a 
mean figure of £5844 being used as the national tariff. Tariffs also vary 
depending on whether the admission is elective or non-elective, and the length 




  Payment by results introduces competition between providers to drive down 
costs, possibly to the detriment of patient care.266, 273 Trusts that carry out many 
revisions, and in particular tertiary centres dealing with more complex revisions, 
will inevitably incur increased costs, and will find that the reimbursement they 
receive is inadequate. The resulting discrepancy will lead to the economic 
question of whether a hospital should offer revision THR surgery at all,55 with 
smaller units facing the threat of closure.274 We have also confirmed the 
considerable increase in cost for revision surgery in comparison with primary 
joint replacement. As detailed previously, an average primary THR in the UK 
costs approximately £5844272 and the most economical indication for revision 
surgery in this study cost £10893 for dislocation.  
 
4.4.2 Study limitations 
 
  The potential shortcoming of this study was that the analysis focused only on 
direct medical costs associated with the initial period of hospitalisation, did not 
include the cost of readmission for complications and ignored other direct and 
indirect medical and social costs incurred by the patient and society. It was an 
economic analysis based solely on hospital costs and was intended to 
demonstrate the inadequate NHS hospital tariff rate for revision THR. A further 
potential failing is the reliance on data from a single institution, which was a 
tertiary referral centre.  
 
  Nonetheless our sample size was relatively large and the difference in mean 
outcomes between certain subtypes statistically significant. Furthermore the 
distribution and diagnoses of revision total hip replacements were similar to 
those reported in the National Joint Registry.268 We are confident that although 
the absolute costs are specific to our institution, the differences in cost 
according to different subtypes of revision THR can be applied to the larger 
population. If our institutional deficit of £860 per case is accurate then the 
overall financial loss to hospital Trusts for the 7,852 cases performed in the U.K. 







  The hypothesis of this chapter is supported because a statistically 
significant difference in cost by indication has been shown as well as a 
marked shortfall in reimbursement paid to hospitals. I would recommend 
further multicentre or registry studies to be carried out in order to confirm that 
our findings are applicable across the country. I also hope that some positive 
reimbursement changes will result from continued documentation and 



























Chapter 5: Discussion 
 
5.1 Summary of findings 
 
  Revision total hip replacement presents a significant biomechanical, technical 
and socioeconomic challenge to the surgeon and engineer. Each of these 
aspects will be dealt with in this final section with reference to the findings of my 
study. 
 
5.1.1 Biomechanical challenge 
 
     It has been shown in multiple studies that early migration of an implant is 
predictive of late aseptic failure.117, 118, 121, 123, 124 This is particularly relevant in 
the revision situation where variable proximal bone stock further compromises 
stability. This can be overcome by two main strategies: the use of long distally 
fixing stems, and/or the use of augments to provide proximal metaphyseal 
support. It is the former of these which was the focus of Chapters 2 and 3. 
 
  Chapter 2 explored the effect of two contrasting revision stem designs on 
strain in the proximal femur using a photoelastic coating. The main problem with 
distally fixing stems is to lower the proximal load transfer, adding to stress 
shielding and contributing to increased proximal bone loss. A biomechanical 
conflict exists between proximal load transfer and implant stability where 
ultimately fixation and stability are the most important.198  
 
  Using a cadaveric model with simulated proximal bony deficits the two stems 
were compared to the intact femora under load. It was found that each 
experimental condition was statistically different from each other with the stems 
producing a marked stress-shielding effect. The mean and standard deviation 
microstrain values were: 674 (181), 438 (189), and 252 (127) for the intact, 
Redapt and Restoration respectively which was a statistically significantly result.  
 
  The bevelled tip on the Redapt stem produced a smaller distal cross-sectional 
area and therefore reduced endocortical contact. This resulted in reduced distal 
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load transfer at the stem tip and explains the more physiological surface strain 
values recorded. It should also be considered that the reduced stress-shielding 
with the Redapt stem may limit further proximal bone loss or even aid bony 
reconstitution in the in-vivo clinical setting.  
  
  Regarding implant stability, the presence of flutes is thought to provide 
rotational stability and the tapered geometry to provide axial stability. 38, 183 This 
was investigated in Chapter 3 where micromotion transducers were used to 
record movement of the stem tip and RSA for proximal stem motion. As detailed 
in this chapter the threshold values for implant stability were set at micromotion 
less than 150µm127 and migration less than 2mm.124 By these criteria, the 
Restoration stems were found to have 100% stability compared to 85% of the 
Redapt stems (p=0.055).  
 
  Mean axial subsidence (SD) by LVDT analysis was 0.17mm (0.32) and 0.1mm 
(0.131) for the Restoration and Redapt stems respectively. Both stems 
achieved excellent stability despite significant simulated bony defects in the 
cadaveric model and supra-normal cyclical loads applied. This confirms the 
potential clinical efficacy of the novel Redapt stem and supports its more 
widespread use for revision cases with significant proximal bone deficiency.  
 
5.1.2 Technical aims 
 
 To optimise the stability of fluted tapered modular stems the intraoperative aim 
is to ream the femur to a supportive tapered cone. The straight tapered stem is 
then fully seated in this cone to maximise endosteal contact. This may be 
facilitated by an extended trochanteric osteotomy which improves access to the 
proximal femur for the straight reamers. When an ETO is not performed there 
can be a tendency to undersize the implant as the reamer or implant meets with 
3-point fixation in the bowed femur. Such fixation with diminished bone contact 
could be expected to compromise implant stability.103    
 
  This was examined in Chapter 2 where a radiographic method was used to 
compare the endosteal fill of each stem in the medullary canal. Three 
specimens for each stem were compared with measurements of stem-cortex 
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contact divided by total potential stem surface to ascertain a percentage fill 
value. This analysis revealed a 7% increase in endosteal contact with the 
Restoration control stem. The reduced contact from the Redapt stem was 
predominantly attributable to the chamfered distal tip in contrast to the conical 
design of the other stem.  
 
5.1.3 Socioeconomic considerations 
 
  The revision ‘burden’ represents the proportion of revision hip replacements 
out of all hip replacement procedures performed and currently stands at 11%, a 
2% rise in the last 2 years (UK).10 275. It is accepted that this surgery is more 
complex than primary joint arthroplasty and is associated with a poorer 
prognosis and higher risk of failure.16, 17 Several studies have shown that 
hospital resource utilisation and revision costs are substantially greater than for 
primary THR.16, 49-55 The short-comings of these studies, however, were to 
group revision cases into one homogenous category and fail to appreciate the 
varied costs according to indication.   
 
  The work presented in Chapter 4 provided a comprehensive clinical, 
demographic and economic analysis of 305 consecutive revision THR’s at my 
institution. Unlike the aforementioned studies, separate sub-analysis by 
common indication (aseptic loosening, sepsis, peri-prosthetic fracture, 
dislocation) was performed and significant differences in cost established. The 
mean total cost for revision surgery for dislocations was £10893, aseptic cases 
£11897, peri-prosthetic fractures £18185, and septic revision cases £21937. 
 
  These are important findings as they identified a shortfall in reimbursement 
paid to our hospital equating to £860 per case. This could threaten the viability 
of some centres to continue providing this service, transferring further workload 
and economic burden on to the remaining units. Furthermore, from a patient 
perspective it is important that they be appropriately counselled to expect a 
longer in-patient admission, higher complication rate and inferior outcome in 
comparison to their index surgery.  
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 In addition, there is a large body of evidence relating improved joint 
replacement outcomes to hospitals and surgeons who perform increased 
caseload volume.42-44 My study has emphasised that it is these high performing 
hospitals which will suffer the most from the inferior financial reimbursement 
paid for this specialist service. 
 
5.2 Study limitations 
 
  The individual limitations in study methods have been addressed previously in 
each chapter. The principle study limitation however was the low number of test 
samples reducing the statistical power of the study (Chapter 3). Sourcing 
adequate donors according to strict inclusion / exclusion criteria reduced the 
number of specimens available but did optimise the quality of the test subjects. 
These were expensive materials to obtain costing approximately £400 per 
femur, notwithstanding the delivery costs which in this case were over $1000 
(£660).  The use of seven pairs of cadaveric femora was reflected elsewhere in 
the literature with similar work by Claes et al. 237 using six pairs but a study by 
Bieger et al.137 used 12.  
 
  Unfortunately, the sample size was further limited by periprosthetic fractures 
sustained either during implantation or else under loads. As explained 
previously, the smallest size of Restoration stem manufactured was 14mm 
however a smaller size might have prevented intra-operative fracture. As 
detailed in Chapter 2 a catastrophic periprosthetic fracture occurred with one of 
the Redapt specimens under static load (VA 262). Consequently, this stem 
could not be loaded for stability testing. The study protocol was therefore 
adjusted to permit stability testing prior to strain analysis due to the attendant 
risk of fracture.  
 
  A further limitation of my experimental model was the omission of muscular 
attachments, the importance of which has been discussed previously (1.5.2). 
Attempts have been made to quantify and simplify the effects of these forces114 
but they continue to present a significant technical challenge to reproduce. 
Studies often provide a rather simplistic approach to this problem such as the 
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work by Aamodt et al. 172 which included a 40mm nylon strap to replicate the hip 
abductors. The vast majority of loading protocols have ignored these 
attachments all together and thus call into question the validity of their findings. 
My study design was based on the ISO standard for fatigue testing and as such 
did not include such attachments. One can expect marked differences to occur 
with the accurate addition of such forces and I would look to more accurately 
replicate these in any future stability testing protocol.  
 
5.3 Future work 
 
  The issues arising from taper junctions especially modular neck prostheses, 
was mentioned in the introduction (1.4.3).  The high frictional torque subjected 
to this junction has been cited as the cause for the fretting and corrosion 
responsible for early implant failure76, 276 with shorter roughened male tapers 
recently reported as being the most at risk.81 This issue cannot be over-stated 
and it has even been suggested that extensive simulative fretting corrosion 
testing should be performed during the evaluation of all new modular 
implants.76, 276  
 
  Such investigations would have been a useful addition to the work presented 
here particularly with regards to the Redapt system. On conclusion of testing I 
had noticed a corrosive layer on the modular neck from the neck-stem junction. 
This was after only three to four increments at 1000 cycles in contrast to 
simulated corrosion testing which may be over 10’s of millions of cycles. 
Additional corrosion-specific testing on completion of the biomechanical testing 
would have made a useful addition but was omitted as this work focused on 
implant stability and as such there was insufficient time, space or funding to 
include these additional experiments.  
 
  Although my thesis has addressed many of the key issues surrounding 
revision THR many questions remain unanswered. If implant longevity can be 
predicted from stability data then what are the acceptable values and which 
method is best to measure them? If there are different patterns of stability as 
described by Krismer et al.121 then will it ever be possible to provide prescriptive 
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criteria for different implants and indeed different patients? It will be interesting 
to see what place RSA specifically will have in the phased introduction of new 
implants as advocated by Nelissen131 and if the standardisation and 
implemention of these techniques will become commonplace in the future. 
 
  The paper by Nelissen et al. reviewed the cost-effectiveness of RSA on joint 
replacement practice.277 They scrutinised the five-year revision rate for RSA-
tested versus non-RSA tested total knee replacements with data taken from the 
national joint registries of Sweden, Australia and New Zealand. They found a 
22-35% reduction in revision rate of the RSA-tested prostheses at an estimated 
annual saving of over $400 million. 
 
  Furthermore, there are also multiple examples of orthopaedic products being 
brought to market with insufficiently robust pre-clinical testing. In many cases 
implementation of an RSA study might have predicted these issues and 
reduced the attendant harm caused. For example, Boneloc cement was 
introduced in the early 1990’s and was designed to have a lower curing 
temperature and decreased release of toxic monomers. Clinically the incidence 
of hip prosthesis loosening with this cement was found to be up to fourteen 
percent higher than conventional cement278 and this was confirmed by an RSA 
study performed at the time.279  
 
  Other examples of such introductions where RSA analysis might have proven 
beneficial include: the St Leger knee (Covision, Carlton in Lindrick, UK),280 ASR 
hip (DePuy, Warsaw, Indiana),281 and the Accord knee (DePuy International 
Ltd., Leeds, UK).279 Currently it is only academic institutions which have started 
using RSA in the UK. However, as suggested previously, it is the lower volume 
hospitals which could potentially benefit most from surveillance of their implants. 
 
  The Redapt stem is already being implanted on a limited and restricted basis 
by certain surgeons. As a full market release is anticipated it will be important to 
monitor closely the clinical and radiographic progress of these patients. The 
translational data provided by this study would support it use but this is never a 
substitute for clinical assessment. Moreover, the human element of introducing 
new technology with the associated learning curve will be important to gauge 
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future successes. A prospective randomised clinical study involving RSA would 
be an excellent method for closely monitoring the success of the Redapt stem in 
revision surgery at my institution.   
 
  As regards the financial considerations it is important to publicise the 
economic shortfall in reimbursement paid to hospital Trusts and the effect this 
may have on service provision. As the population ages and increasingly more 
primary surgeries are performed there will be an ever-increasing demand for 
these services. As established, the financial deficit might prevent certain 
institutions from providing revision THR surgery with an added burden on those 
which continue to do so. Further academic publications on healthcare 
economics focusing on these issues could help disseminate this message and 
hopefully address funding practices.   
 
  In short, the most cost effective solution to this problem will depend on the 
success of the revision stems themselves. My study has shown that in the 
appropriate hands both stems have the potential to be very successful in the 
revision situation. This is of vital importance as it has been shown that the five-
year reoperation (rerevision) rate is significantly higher for revision THR than 
primary THR.282 
 
  I personally feel that we are on the cusp of both a very exciting and somewhat 
daunting future as regards revision arthroplasty. The rapid development of new 
prostheses and methods to monitor them is juxtaposed by the financial 
constraints imposed by our present healthcare system. Whilst demand for 
revision surgery looks set to rise considerably there does not appear to be the 
same economic investment necessary to sustain its growth. 
 
  There has also been recent interest in reporting on ‘surgeon-level’ data283 
which may well prove to have a useful role in raising national standards of care. 
I am hesitant, however, as to how applicable it may be to the revision scenario. 
Clearly these cases are complex with a high re-revision rate which needs to be 
factored into their modelling. There needs to be transparent outcome measures 
which take into consideration the revision issues discussed in this thesis and 
the data handled differently from that of primary joint surgery. Ultimately, 
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individual surgeons need to be supported in their management of these 
complex cases and high volume institutions adequately compensated for this 
work. I also predict that in the future it is highly probable that all revision surgery 
will be performed in dedicated tertiary referral institutions and will no longer be 




  This work has addressed many of the financial and biomechanical issues 
surrounding revision THR. It has illustrated the economic burden of this surgery 
as well as supporting the introduction of a new femoral stem. It is important to 
consider that each revision case presents a unique challenge with individual 
patient anatomy and expectations. I believe that it will be the ability of the 
surgeon to tailor treatment and monitor outcome that will determine the future 
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Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
RIGHT  STRYKER NY10081326 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:09:29 Auto-­Hip Right
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties
Restoration  Modular  Conical  Distal  Straight  Stem Stryker 6276-­7-­115  Rev  C 1 Diameter  :  15
Length  :  195
Restoration  Modular  Cone  Body Stryker 6276-­1-­023  Rev  D 1 Diameter  :  23
Heights  :  +0  (STD)
AP  View:
Original  image Image  After  Pre-­Planning
Lateral  View:













































Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
STRYKER LEFT  AZ10120721 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 16/11/2012  16:59:22 Auto-­Hip Left
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties
Restoration  Modular  Conical  Distal  Straight  Stem Stryker 6276-­7-­114  Rev  C 1 Diameter  :  14
Length  :  195
Restoration  Modular  Cone  Body Stryker 6276-­1-­021  Rev  D 1 Diameter  :  21
Heights  :  +0  (STD)
AP  View:
Original  image Image  After  Pre-­Planning
Lateral  View:





















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
AZ10120721 RIGHT 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:22:08 Auto-­Hip Right
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties




Attachment  Point  :  4
Comments  :  Sleeve:7135-­4213/Neck:7135-­2111
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:




















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
LEFT  MDF VA10122262 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:41:16 Auto-­Hip Left
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties






Original  image Image  After  Pre-­Planning
Lateral  View:




















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
RIGHT  STRYKER VA10122262 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:08:03 Auto-­Hip Right
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties
Restoration  Modular  Conical  Distal  Straight  Stem Stryker 6276-­7-­115  Rev  C 1 Diameter  :  15
Length  :  195
Restoration  Modular  Cone  Body Stryker 6276-­1-­021  Rev  D 1 Diameter  :  21
Heights  :  +0  (STD)
Attachment  Point  :  0
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:




















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
RIGHT  MDF TN11062053 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:32:59 Auto-­Hip Right
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties




Attachment  Point  :  4
Comments  :  Sleeve:7135-­4215/Neck:7135-­2111
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:





















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
LEFT  STRYKER LEFT  TN11062053 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:03:01 Auto-­Hip Left
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties
Restoration  Modular  Conical  Distal  Straight  Stem Stryker 6276-­7-­116  Rev  C 1 Diameter  :  16
Length  :  195
Restoration  Modular  Cone  Body Stryker 6276-­1-­023  Rev  D 1 Diameter  :  23
Heights  :  +0  (STD)
Attachment  Point  :  0
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:






















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
LEFT  STRYKER MI11120709 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:01:08 Auto-­Hip Left
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties
Restoration  Modular  Conical  Distal  Straight  Stem Stryker 6276-­7-­115  Rev  C 1 Diameter  :  15
Length  :  195
Restoration  Modular  Cone  Body Stryker 6276-­1-­019  Rev  D 1 Diameter  :  19
Heights  :  +0  (STD)
Attachment  Point  :  0
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:





















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
RIGHT  MDF MI11120709 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:38:22 Auto-­Hip None
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties




Attachment  Point  :  4
Comments  :  Sleeve:7135-­4032/Neck:7135-­2111
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:





















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
FL11120914 MDF  LEFT 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:36:48 Auto-­Hip Left
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties




Attachment  Point  :  4
Comments  :  Sleeve:7135-­4043/Neck:7135-­2111
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:





















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
RIGHT  STRYKER FL11120914 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:23:43 Auto-­Hip Right
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties
Restoration  Modular  Cone  Body Stryker 6276-­1-­023  Rev  D 1 Diameter  :  23
Heights  :  +0  (STD)
Attachment  Point  :  0
Restoration  Modular  Conical  Distal  Straight  Stem Stryker 6276-­7-­115  Rev  C 1 Diameter  :  15
Length  :  195
Lateral  View:
Original  image Image  After  Pre-­Planning
AP  View:






















Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
LEFT  STRYKER FL12010615 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:30:08 Auto-­Hip Left
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties






Original  image Image  After  Pre-­Planning
Lateral  View:

























Pre  Operative  Planning  Report
Patient  Details: Referring  MD  Details:
Patient  ID Patient  Name Date  of  Birth Gender Accession
STRYKER  RIGHT FL12010615 01/01/0001 O ***
Created  by Institution Date Procedure  Planned Side
Farah-­PC\Farah *** 01/11/2012  17:47:40 Auto-­Hip Right
Comments:
Implants  Information:
Name Manufacturer Part  No. Quantity Properties
Restoration  Modular  Conical  Distal  Straight  Stem Stryker 6276-­7-­117  Rev  C 1 Diameter  :  17
Length  :  195
Restoration  Modular  Cone  Body Stryker 6276-­1-­023  Rev  D 1 Diameter  :  23
Heights  :  +0  (STD)
AP  View:
Original  image Image  After  Pre-­Planning
Lateral  View:
Original  image Image  After  Pre-­Planning
Signature: ____________________________
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Appendix C: Summary of photoelastic 
results 
 
1. Sawbone data: Intact vs. Restoration stem 
 
 
Strain distribution for Sawbone intact (A-C) and with Restoration stem in-





   
















    



































Measurement point (cm) 




















Measurement point (cm) 






• Intact vs. Redapt stem 
 
 





   
















    







































Measurement point (cm) 























Measurement point (cm) 







2. Specimen identification: FL 615 
 
• Intact vs. Restoration stem 
 
 






























    
 
 










Tabulated and line chart summary of strain analysis for FL 615 


























Measurement point (cm) 






















Measurement point (cm) 





3. Specimen identification: TN 253 
 
• Intact vs. Restoration stem 
 
 
































    
 
 










Tabulated and line chart summary of strain analysis for TN 253 

























Measurement point (cm) 




















Measurement point (cm) 





4. Specimen identification: FL 914 
 




Strain distribution for FL 914 intact (A-C) and with Restoration stem in-situ 



























    
 
 







































Measurement point (cm) 




















Measurement point (cm) 





5. Specimen identification: MI 709 
 
• Intact  
 
 
Sequential colour fringes observed in specimen MI 709. Loading was 
performed at increments of 500N with maximal strain noted 3-8 cm 










































Microstrain values for bone MI 709 showing readings at 14 points over 
500N increments from 1000N to 3000N 
 
  1000N 1500N 2000N 2500N% 3000N%
1 180 269 413 431$ 575$
2 287 395 575 593$ 718$
3 377 395 575 593$ 718$
4 377 593 718 754$ 790$
5 377 593 844 808$ 898$
6 449 593 844 934$ 1006$
7 449 593 844 1024$ 1149$
8 449 593 844 1024$ 1149$
9 449 593 718 1024$ 1149$
10 449 503 611 826$ 682$
11 449 449 539 539$ 539$
12 323 359 395 395$ 449$
13 323 216 251 287$ 359$






Line plot of microstrain observed in bone MI 709 at five loading 














Measurment point (cm) 




• Redapt stem (MI 709)  
 
 
Sequential colour fringes observed in presence of investigation stem. 
Digital photographs were taken at regular increments between 1250 – 
2125N. Maximal strain noted 7-9 cm from the tip of the lesser trochanter 











































Microstrain values for investigation stem implanted in bone MI 709.  
Readings at 14 points from 1500 to 2000N are shown.  
 
  1500N 1750N 2000N 
1 36 36 54 
2 72 54 90 
3 108 126 233 
4 180 198 287 
5 269 323 395 
6 359 377 521 
7 359 485 557 
8 359 557 611 
9 359 557 611 
10 359 503 611 
11 359 431 611 
12 269 359 395 
13 162 251 269 




Line plot of microstrain observed in bone MI 709 with investigation stem  
(Redapt) in-situ. Three loading increments 1500 – 2000N are shown. 
Comparison with intact strain results shows reduction in peak and overall 













Measurement point (cm) 
Microstrain analysis for MI - Redapt 
1500N!1750N!2000N!
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6. Specimen identification: VA 262 
 
• Intact vs Redapt stem 
 
 






































































Measurement point (cm) 




























7. Specimen identification: FL 914 
  
• Intact vs. Redapt stem 
 
 


































































Measurement point (cm) 



















Measurement point (cm) 





Appendix D: Summary of LVDT data 
 
 
1. Specimen identification: NY 326 
 
• REDAPT Stem 
 
 
LVDT stability data for NY 326 in presence of Redapt stem 
The greatest motion was recorded by the antero-posterior (AP) LVDT which 
measured -0.34mm on completion of the 1500-350N cycle. This corresponded 
to movement of the tip posteriorly i.e. movement away from the probe tip. 
During loading at 1000N and 1500N, micromotion from the AP transducer was 
0.15mm and 0.19mm respectively, both greater than the accepted level of 
0.15mm (150µm). These significant findings are highlighted by the shaded 
boxes.  
 
 Stability (mm) 750 - 350N 1000 - 350N 1500 - 350N 
ANTERO-
POSTERIOR 






(-0.057 to  
-0.065) 
0.152 
(-0.05 to  
-0.202) 
0.194 




Migration 0.003 -0.05 -0.008 
 Micromotion  
(Range) 
< 0.001 
(0.003 to  
0.004) 
0.003 
(-0.05 to  
-0.053) 
0.119 
(-0.008 to  
-0.128) 




 Micromotion  
(Range) 
0.003 
(0.012 to  
0.015) 
0.004 










• RESTORATION Stem 
 
 
LVDT stability data for NY 326 in presence of Restoration stem 
Migration was greatest in the axial direction (0.56mm) which was more than ten-
times the value recorded by the Redapt axial LVDT (0.04mm). All values were 
within the accepted range.  
 











(-0.001 to  
-0.003)  
0.001 
(0.002 to  
0.003) 
0.005 




Migration -0.001 -0.002 <0.001 
 Micromotion  
(Range) 
0.003 
(-0.001 to  
-0.003) 
0.003 
(-0.002 to  
0.001) 
0.003 
(<0.001 to  
0.003) 
AXIAL Migration -0.115 -0.14 -0.558 
 
 Micromotion  
(Range) 
0.015 
(-0.115 to  
-0.13) 
0.026 
(-0.14 to  
-0.166)  
0.087 















2. Specimen identification: MI 709 
 
• REDAPT Stem 
 
 
LVDT stability data for MI 709 in presence of Redapt stem 
Maximal motion was recorded by the axial transducer which measured a 
migration of 0.36mm during the final loading cycle. During this cycle, 
micromotion was 0.28mm which was greater than the level 0.15mm set for 
acceptability. Negligible motion was captured by the other two LVDT’s. The 
significantly abnormal value for micromotion is highlighted.  











(0.021 to  
0.022)  
<0.001 
(0.039 to  
0.04) 
0.005 




Migration 0.004 0.032 -0.006 






(0.032 to  
0.035) 
0.006 
(-0.006 to  
0.012)  




 Micromotion  
(Range) 
0.004 
(-0.05 to  
-0.053 
0.051 
(-0.095 to  
-0.146)  
0.228  














• RESTORATION Stem 
 
 
LVDT stability data for MI 709 in presence of Restoration stem 
A large periprosthetic fracture was sustained on implantation of this prosthesis. 
This might have occurred as the bone was templated to fit a size 13mm stem 
however the smallest diameter Restoration stem was 14mm. This fracture 
resulted in catastrophic failure when loaded at 1500N. The implant was stable 
prior to failure as defined by the agreed criteria. 
 










(-0.001 to  
-0.001) 
0.001 




Migration 0.027 0.014 
 
 Micromotion  
(Range) 
0.01 
(0.027 to  
0.037) 
0.047 
(0.014 to  
-0.033) 




 Micromotion  
(Range) 
0.001 
(-0.005 to  
-0.006) 
0.01 













3. Specimen identification: FL 914 
 
• REDAPT Stem 
 
 
LVDT stability data for FL 914 in presence of Redapt stem 
This donor weighed 206lbs (93kg) so loading was continued to a further 
increment (2000-350N) to achieve a similar x2 body weight as tested with the 
other specimens. Movement was again greatest in the axial plane with a 

























(0.00 to  
-0.0003) 
0.003 
(-0.037 to  
-0.04) 
0.007 
(-0.053 to  
-0.06) 
0.001 













(0.001 to  
0.001) 
0.001 
(-0.029 to  
-0.029) 
0.002 




(-0.008 to  
-0.009) 
 





























• RESTORATION Stem 
 
 
LVDT stability data for FL 914 in presence of Restoration stem 
Loading was continued to 2000–350N as explained above. Axial migration was 
again more than with the Redapt stem, this time approximately twice the value 
(0.94mm cf 0.48mm). At 1500N axial micromotion approached significant levels 













































(<0.001 to  
0.003) 
0.002 
(0.003 to  
0.005) 
0.007 
(0.001 to  
0.008) 










(-0.033 to  
-0.043) 
0.017 
(0.055 to  
0.072) 
0.123 
(-0.119 to  
-0.242) 
0.113 











4. Specimen identification: FL 615 
 
• REDAPT Stem  
 
 
LVDT stability data for FL 615 in presence of Redapt stem 
Overall movement was greatest in the axial plane however all stability values 
were within acceptable limits. 
 
 Stability (mm) 750 - 350N 1000 - 350N 1500 - 350N 
ANTERO-
POSTERIOR 





(-0.007 to  
-0.008) 
0.004 
(-0.04 to  
-0.044) 
0.013 




Migration 0.002 -0.026 -0.047 
 Micromotion  
(Range) 
< 0.001 
(0.002 to  
0.003) 
0.001 
(-0.026 to  
-0.027) 
0.001 
(-0.047 to  
-0.048) 
AXIAL Migration -0.077 
 
-0.266 -0.13 
 Micromotion  
(Range) 
0.106     
(-0.077 to  
-0.183) 
0.101 
(-0.266 to  
-0.366) 
0.066 


















• RESTORATION Stem: 
 
 
LVDT stability data for FL 615 in presence of Restoration stem 
Movement was greatest in the AP plane with minimal anterior displacement of 
the stem tip. All movement was within acceptable limits.  
 
 Stability (mm) 750 - 350N 1000- 350N 1500-350N 
ANTERO-
POSTERIOR 






(0.005 to  
0.006) 
0.004 
(0.034 to  
0.038) 
< 0.001 
(0.038 to  
0.038) 







(-0.012 to  
-0.013)  
0.008 
(-0.016 to  
-0.023) 
0.024 
(-0.043 to  
-0.067)  






























5. Specimen identification: TN 053 
 
• REDAPT Stem 
 
 
LVDT stability data for TN 053 in presence of Redapt stem. 
This bone sustained a periprosthetic fracture during implantation. Furthermore, 
as the donor weighed only 99lbs (45kg) the first load applied was reduced to 
500-350N. Movement was greatest in the AP plane with significant micromotion 
of 159µm recorded at 750N. Of note, this then appeared to settle when loaded 
at the higher 1000N cycle. Migration was all within accepted limits.  
 












(-0.345 to  
-0.386)  
0.159 
(-0.653 to  
-0.812)  
0.027 




Migration -0.086 -0.155 -0.299 
 
 Micromotion  
(Range) 
0.004 
(-0.084 to  
-0.088) 
0.006 
(-0.155 to  
-0.161) 
0.03 
(-0.299 to  
-0.329) 
AXIAL Migration -0.002 
 
-0.02 -0.033 
 Micromotion  
(Range) 
0.001 
(-0.002 to  
-0.003) 
0.008 
(-0.02 to   
-0.027) 
0.003 















• RESTORATION Stem 
 
 
LVDT stability data for TN 053 in presence of Restoration stem 
Movement was negligible in all planes and within acceptable limits for migration 
and micromotion.  
 
 Stability (mm) 750 - 350N 1000 - 350N 1500 - 350N 
ANTERO-
POSTERIOR 




(-0.003 to  
-0.005)  
0.011 
(-0.008 to  
0.003)  
0.022 




Migration 0.007 0.008 -0.091 
 Micromotion  
(Range) 
0.001 
(0.007 to  
0.008) 
0.001 
(0.008 to  
0.009) 
0.01 
(-0.091 to  
-0.102) 
AXIAL Migration -0.005 0.02 -0.013 
 
 Micromotion  
(Range) 
0.01 
(-0.005 to  
0.005) 
0.031 
(0.02 to  
0.051) 
0.04 
















6. Specimen identification: AZ 721 
 
• REDAPT Stem 
 
LVDT stability data for AZ 721 in presence of Redapt stem 
Significant levels of micromotion were seen in the axial transducer when loaded 
at 1000N, 1250N and 1500N despite minimal movement in either of the other 
two LVDT’s.  These results were spurious and resulted from the load head 
contacting the axial Schanz screw causing inaccurate displacement. This was 
rectified for the final measurement at 2000N which then recorded negligible 
micromotion. This was explained in greater detail in the discussion on study 
limitations (3.4.1). Comparison with the Restoration stem was not possible 






































































































7. Specimen identification: VA 262 
 
• RESTORATION Stem  
 
 
LVDT stability data for VA 262 in presence of Restoration stem 
Motion was greatest in the axial plane where a 1.2mm migration was recorded 
on completion of the cycle at 1500–350N. Implant stability was within the 
accepted range for each load cycle. The equivalent bone with Redapt stem 
suffered a catastrophic failure when loaded for the photoelastic strain analysis 
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8. Specimen: Sawbone 
 
• REDAPT Stem 
 
 
LVDT stability data for Sawbone in presence of Redapt stem 
Movement was greatest in the axial plane however all values were within 
accepted limits. 
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• RESTORATION Stem 
 
 
LVDT stability data for Sawbone in presence of Restoration stem 
This was the only test where movement in the varus-valgus plane was greatest. 
Stability was achieved in all tests with no significant values obtained. 
  


























 Micromotion  
(Range) 
<0.001 














 Micromotion  
(Range) 
0.001 



















Appendix E: Summary of RSA results 
 
 
1. Specimen identification: FL 914 
 
• REDAPT stem: 
 
Segment motion analysis for FL 914 (Redapt) 
Key: Rot = rotation, Trsl = translation along axis, ME Ref = mean error for the 
reference segment values, ME Cur = mean error for the comparison (‘current’) 























Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 -1.160 0.000 0.080 0.022 -0.064 0.008 0.018 0.204
Baseline -1000 -1.490 -0.330 0.100 -0.069 0.010 -0.199 0.042 0.221
Baseline -1500 -1.710 -0.370 -0.010 0.034 0.010 -0.547 0.064 0.231
750 -1000 -0.330 -0.330 0.030 -0.091 0.074 -0.206 0.027 0.038
1000 -1500 -0.110 0.100 0.030 -0.042 -0.009 -0.230 0.028 0.046
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Point motion analysis for FL 914 (Redapt) 
ID = identification number of stem marker, Diff = difference i.e. movement in 
mm after load cycle compared to baseline measurement, Abs Diff = the length 
of the translation, MTPM = maximum total point motion, the length of translation 
for the point that has the greatest movement ie the largest value in the column 


























Baseline 750 201 0.097 -0.046 -0.327 0.344
Baseline 750 202 -0.126 -0.238 0.587 0.646
Baseline 750 203 0.095 0.092 -0.236 0.271
Mean values, 
MTPM
0.022 -0.064 0.008 0.421 0.646 0.018
Baseline 1000 201 0.074 -0.010 -0.497 0.503
Baseline 1000 202 -0.213 -0.212 0.448 0.540
Baseline 1000 203 -0.067 0.251 -0.547 0.605
Mean values, 
MTPM
-0.069 0.010 -0.199 0.549 0.605 0.042
Baseline 1500 201 0.243 -0.075 -0.896 0.932
Baseline 1500 202 -0.179 -0.149 0.204 0.309
Baseline 1500 203 0.038 0.255 -0.948 0.983
Mean values, 
MTPM
0.034 0.010 -0.547 0.741 0.983 0.064
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• RESTORATION stem: 
 
 
Segment motion analysis for FL 914 (Restoration) 
Rotation around the y-axis was greatest at 1.87o and movement in the y-axis 





Point motion analysis for FL 914 (Restoration) 
MTPM was within acceptable limits. Maximum translation recorded after 1500N 
(1.42mm) was almost double that recorded with the Redapt stem (0.741mm) 
but still less than the 2mm migration threshold. The greatest contribution to 




Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 -0.310 0.810 -0.120 0.119 -0.003 -0.079 0.012 0.007
Baseline -1000 -0.100 0.660 -0.110 0.272 -0.183 -0.381 0.017 0.059
Baseline -1500 -0.090 1.870 -0.320 0.509 -1.096 -0.655 0.008 0.058
750 -1000 0.210 -0.160 0.010 0.153 -0.181 -0.302 0.019 0.055









Baseline 750 201 0.135 0.036 0.103 0.174
Baseline 750 202 0.091 -0.007 0.021 0.094
Baseline 750 203 0.131 -0.037 -0.361 0.385
Mean values, 
MTPM
0.119 -0.003 -0.079 0.218 0.385 0.012
Baseline 1000 201 0.342 -0.138 -0.210 0.425
Baseline 1000 202 0.229 -0.241 -0.353 0.485
Baseline 1000 203 0.245 -0.172 -0.579 0.651
Mean values, 
MTPM
0.272 -0.183 -0.381 0.520 0.651 0.017
Baseline 1500 201 0.621 -0.987 -0.139 1.174
Baseline 1500 202 0.418 -1.130 -0.653 1.370
Baseline 1500 203 0.487 -1.172 -1.175 1.729
Mean values, 
MTPM
0.509 -1.096 -0.655 1.424 1.729 0.008
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2. Specimen identification: FL 615 
 
• REDAPT stem: 
 
Segment motion analysis for FL 615 (Redapt) 
All movement was within acceptable limits with the greatest single movement 
being y-rotation (1.68o) after the 1000N cycle compared with the preceding  





Point motion analysis for FL 615 (Redapt) 





Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 -0.250 0.940 0.040 0.024 -0.042 0.054 0.008 0.090
Baseline -1000 -0.930 -0.740 -0.840 0.890 -0.161 -0.859 0.017 0.078
Baseline -1500 -0.290 -0.860 -1.020 0.804 -0.617 -0.447 0.022 0.054
750 -1000 -0.690 -1.680 -0.870 0.866 -0.119 -0.913 0.019 0.035









Baseline 750 201 0.002 -0.031 0.364 0.366
Baseline 750 202 -0.052 -0.003 0.028 0.060
Baseline 750 203 0.121 -0.092 -0.231 0.277
Mean values, 
MTPM
0.024 -0.042 0.054 0.234 0.366 0.008
Baseline 1000 201 1.151 0.168 -1.367 1.794
Baseline 1000 202 0.710 -0.398 -0.334 0.880
Baseline 1000 203 0.810 -0.253 -0.877 1.220
Mean values, 
MTPM
0.890 -0.161 -0.859 1.298 1.794 0.017
Baseline 1500 201 1.060 -0.229 -0.864 1.387
Baseline 1500 202 0.528 -0.790 -0.156 0.963
Baseline 1500 203 0.825 -0.833 -0.319 1.215
Mean values, 
MTPM
0.804 -0.617 -0.447 1.188 1.387 0.022
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• RESTORATION stem: 
 
 
Segment motion analysis for FL 615 (Restoration) 





Point motion analysis for FL 615 (Restoration) 
All migration was less than 2mm with a maximal total migration of the stem of 







Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 0.270 0.400 -0.040 0.032 -0.098 0.137 0.023 0.113
Baseline -1000 0.180 0.340 -0.070 0.150 -0.093 0.054 0.032 0.032
Baseline -1500 0.250 0.150 -0.160 0.212 -0.142 0.052 0.010 0.036
750 -1000 -0.090 -0.060 -0.030 0.118 0.005 -0.084 0.020 0.082









Baseline 750 201 0.060 -0.021 0.303 0.310
Baseline 750 202 0.054 -0.027 0.062 0.086
Baseline 750 203 -0.018 -0.246 0.047 0.252
Mean values, 
MTPM
0.032 -0.098 0.137 0.216 0.310 0.023
Baseline 1000 201 0.161 -0.051 0.171 0.240
Baseline 1000 202 0.118 -0.071 -0.007 0.138
Baseline 1000 203 0.169 -0.156 -0.003 0.230
Mean values, 
MTPM
0.150 -0.093 0.054 0.203 0.240 0.032
Baseline 1500 201 0.227 -0.083 0.138 0.278
Baseline 1500 202 0.163 -0.100 -0.034 0.194
Baseline 1500 203 0.246 -0.244 0.051 0.350
Mean values, 
MTPM
0.212 -0.142 0.052 0.274 0.350 0.010
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3. Specimen identification: MI 709 
 
• REDAPT stem 
 
Segment motion analysis for MI 709 (Redapt) 
Axial migration (‘y-axis translation’) was 3.54mm when comparing baseline 
values with completion of loading at 1500N. The stem was therefore unstable 





Point motion analysis for MI 709 (Redapt) 
This table highlights the significant axial migration recorded after loading at 
1500N. The total translation of the stem on completion of the cycle at 1500N 
was 3.56mm.  
 
Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 0.010 0.250 -0.050 0.112 -0.019 -0.052 0.020 0.097
Baseline -1000 0.090 0.110 -0.020 0.075 -0.026 -0.107 0.019 0.107
Baseline -1500 0.290 0.380 -0.100 -0.331 -3.537 0.052 0.018 0.010
750 -1000 0.080 -0.140 0.030 -0.038 -0.007 -0.055 0.019 0.030









Baseline 750 201 0.125 -0.023 0.091 0.156
Baseline 750 202 0.051 -0.024 -0.058 0.081
Baseline 750 203 0.161 -0.008 -0.189 0.248
Mean values, 
MTPM
0.112 -0.019 -0.052 0.162 0.248 0.020
Baseline 1000 201 0.056 -0.069 0.009 0.090
Baseline 1000 202 0.023 -0.051 -0.107 0.121
Baseline 1000 203 0.145 0.043 -0.223 0.269
Mean values, 
MTPM
0.075 -0.026 -0.107 0.160 0.269 0.019
Baseline 1500 201 -0.225 -3.563 0.257 3.579
Baseline 1500 202 -0.374 -3.542 -0.125 3.564
Baseline 1500 203 -0.394 -3.505 0.026 3.527
Mean values, 
MTPM
-0.331 -3.537 0.052 3.557 3.579 0.018
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• RESTORATION Stem 
 
Segment motion analysis for MI 709 (Restoration) 
As detailed in the LVDT results section a large periprosthetic fracture was 
sustained on implantation of this prosthesis which resulted in catastrophic 
failure when loaded at 1500N. Prior to this all movement was within the 





Point motion analysis for MI 709 (Restoration) 












Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 -0.070 1.010 0.030 -0.020 -0.094 -0.239 0.026 0.098
Baseline -1000 0.000 0.680 0.070 -0.165 -0.118 -0.211 0.025 0.089









Baseline 750 201 -0.034 -0.066 -0.456 0.462
Baseline 750 202 -0.020 -0.075 -0.271 0.282
Baseline 750 203 -0.005 -0.140 0.009 0.140
Mean values, 
MTPM
-0.020 -0.094 -0.239 0.295 0.462 0.026
Baseline 1000 201 -0.217 -0.102 -0.363 0.435
Baseline 1000 202 -0.134 -0.124 -0.249 0.309
Baseline 1000 203 -0.142 -0.127 -0.021 0.192
Mean values, 
MTPM
-0.165 -0.118 -0.211 0.312 0.435 0.025
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4. Specimen identification: AZ101 
 
 
Segment motion analysis for AZ 101 (Redapt) 
Z-rotation at 0.32o provided the greatest range of motion. All values were less 





Point motion analysis for AZ 101 (Redapt) 









Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 -0.100 -0.800 0.340 -0.199 -0.187 0.014 0.042 0.180
Baseline -1000 -0.030 -0.080 0.310 -0.264 -0.054 0.289 0.030 0.124
Baseline -1500 0.180 -0.270 0.320 -0.159 -0.092 0.107 0.025 0.150
750 -1000 0.070 0.730 -0.020 -0.066 0.133 0.274 0.040 0.063









Baseline 750 201 -0.398 -0.013 0.308 0.503
Baseline 750 202 -0.157 -0.158 -0.090 0.240
Baseline 750 203 -0.041 -0.391 -0.174 0.430
Mean values, 
MTPM
-0.199 -0.187 0.014 0.391 0.503 0.042
Baseline 1000 201 -0.406 0.115 0.316 0.527
Baseline 1000 202 -0.211 -0.049 0.290 0.361
Baseline 1000 203 -0.176 -0.230 0.263 0.391
Mean values, 
MTPM
-0.264 -0.054 0.289 0.427 0.527 0.030
Baseline 1500 201 -0.319 0.096 0.260 0.422
Baseline 1500 202 -0.123 -0.088 -0.007 0.151
Baseline 1500 203 -0.035 -0.284 0.070 0.295
Mean values, 
MTPM
-0.159 -0.092 0.107 0.289 0.422 0.025
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5. Specimen: Sawbone  
 
• REDAPT stem 
 
Segment motion analysis for Sawbone (Redapt) 
Y-axis rotation was the largest rotation and reached 0.64o on conclusion of 






Point motion analysis for Sawbone (Redapt) 
MTPM reached 0.597mm on completion of testing. Movement was greatest in 






Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 0.120 0.550 0.010 -0.077 0.012 -0.080 0.025 0.032
Baseline -1000 0.780 0.990 0.130 -0.188 -0.031 0.183 0.013 0.068
Baseline -1500 0.190 0.640 0.280 -0.348 -0.123 -0.223 0.055 0.056
750 -1000 0.670 0.440 0.120 -0.111 -0.043 0.263 0.014 0.074









Baseline 750 201 -0.058 0.040 -0.281 0.290
Baseline 750 202 -0.074 -0.031 -0.019 0.083
Baseline 750 203 -0.098 0.026 0.060 0.118
Mean values, 
MTPM
-0.077 0.012 -0.080 0.164 0.290 0.025
Baseline 1000 201 -0.151 0.050 -0.026 0.161
Baseline 1000 202 -0.134 -0.049 0.062 0.156
Baseline 1000 203 -0.278 -0.092 0.513 0.591
Mean values, 
MTPM
-0.188 -0.031 0.183 0.302 0.591 0.013
Baseline 1500 201 -0.401 0.028 -0.441 0.597
Baseline 1500 202 -0.268 -0.167 -0.191 0.369
Baseline 1500 203 -0.376 -0.230 -0.038 0.443
Mean values, 
MTPM
-0.348 -0.123 -0.223 0.469 0.597 0.055
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6. Specimen identification: TN 253 
 
• RESTORATION stem 
 
Segment motion analysis for TN 253 (Restoration) 
The largest value for motion obtained was rotation around the y-axis. All 






Point motion analysis for TN 253 (Restoration) 
MTPM reached a maximum of 0.42mm and overall translation of the stem 






Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 0.070 -0.720 0.270 -0.165 -0.017 0.046 0.025 0.058
Baseline -1000 0.040 -0.640 0.240 -0.205 0.006 0.022 0.020 0.022
Baseline -1500 0.100 -0.280 0.340 -0.316 -0.065 0.021 0.022 0.039
750 -1000 -0.030 0.080 -0.030 -0.040 0.024 -0.024 0.010 0.066





ID X Diff Y Diff Z Diff Abs Diff MTPM Mean 
Error
Baseline 750 201 -0.186 0.049 0.199 0.277
Baseline 750 202 -0.098 0.030 0.055 0.117
Baseline 750 203 -0.211 -0.132 -0.116 0.275
Mean values, 
MTPM
-0.165 -0.017 0.046 0.223 0.277 0.025
Baseline 1000 201 -0.214 0.043 0.153 0.267
Baseline 1000 202 -0.111 0.002 0.028 0.114
Baseline 1000 203 -0.290 -0.027 -0.115 0.313
Mean values, 
MTPM
-0.205 0.006 0.022 0.231 0.313 0.020
Baseline 1500 201 -0.368 0.012 0.095 0.380
Baseline 1500 202 -0.208 -0.019 -0.004 0.209
Baseline 1500 203 -0.374 -0.189 -0.028 0.420
Mean values, 
MTPM
-0.316 -0.065 0.021 0.336 0.420 0.022
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7. Specimen identification: NY 326  
 
• RESTORATION stem 
 
Segment motion analysis for NY 326 (Restoration) 
Y-axis rotation again produced the greatest value with a final migration of 1.17o 






Point motion analysis for NY 326 (Restoration) 
MTPM was 0.37mm and the largest translation of the stem was 0.244mm. The 







Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 -0.180 0.170 0.010 0.005 0.013 -0.181 0.029 0.015
Baseline -1000 0.160 -0.870 -0.270 0.034 -0.021 -0.103 0.052 0.067
Baseline -1500 0.330 -1.170 -0.270 0.070 -0.013 0.006 0.031 0.111
750 -1000 0.340 -1.040 -0.270 0.029 -0.034 0.078 0.047 0.072









Baseline 750 201 -0.004 0.021 -0.176 0.177
Baseline 750 202 -0.006 0.005 -0.110 0.110
Baseline 750 203 0.024 0.013 -0.256 0.258
Mean values, 
MTPM
0.005 0.013 -0.181 0.182 0.258 0.029
Baseline 1000 201 0.019 -0.010 -0.279 0.279
Baseline 1000 202 -0.005 -0.024 -0.159 0.161
Baseline 1000 203 0.087 -0.029 0.129 0.158
Mean values, 
MTPM
0.034 -0.021 -0.103 0.200 0.279 0.052
Baseline 1500 201 0.071 -0.025 -0.209 0.222
Baseline 1500 202 0.035 -0.048 -0.128 0.141
Baseline 1500 203 0.103 0.034 0.354 0.370
Mean values, 
MTPM
0.070 -0.013 0.006 0.244 0.370 0.031
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8. Specimen identification: VA 262  
 
• RESTORATION stem 
 
Segment motion analysis for VA 262 (Restoration) 
The largest numerical movement recorded was a y-rotation of 1.67o occurring 
between cycles at 1000N and 1500N. This was substantially less than the 2mm 





Point motion analysis for VA 262 (Restoration) 
MTPM reached 2.08mm for point 203 on completion of cycling at 1500N, 
however this did not correspond to an overall stem translation greater than the 
accepted 2mm threshold. The total translation was 1.68mm on completion of 
testing so the stem was considered to have remained stable throughout. 
 
 
Comparison (N) X Rot Y Rot Z Rot X Trsl Y Trsl Z Trsl ME Ref ME Cur
Baseline -750 0.020 -0.290 -0.130 0.196 -0.022 -0.091 0.016 0.035
Baseline -1000 0.030 -0.360 -0.420 0.637 -0.065 -0.154 0.026 0.104
Baseline -1500 -0.030 1.320 -0.790 1.315 -0.787 -0.629 0.029 0.023
750 -1000 0.010 -0.070 -0.290 0.440 -0.043 -0.063 0.018 0.068









Baseline 750 201 0.206 -0.002 -0.166 0.264
Baseline 750 202 0.151 -0.038 -0.098 0.184
Baseline 750 203 0.232 -0.025 -0.008 0.234
Mean values, 
MTPM
0.196 -0.022 -0.091 0.227 0.264 0.016
Baseline 1000 201 0.658 -0.003 -0.259 0.708
Baseline 1000 202 0.460 -0.108 -0.178 0.505
Baseline 1000 203 0.792 -0.083 -0.025 0.796
Mean values, 
MTPM
0.637 -0.065 -0.154 0.670 0.796 0.026
Baseline 1500 201 1.404 -0.595 -0.319 1.558
Baseline 1500 202 0.956 -0.795 -0.636 1.396
Baseline 1500 203 1.584 -0.970 -0.931 2.078
Mean values, 
MTPM
1.315 -0.787 -0.629 1.677 2.078 0.029
